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PREFACE 



The rapid advancement of microelectronics in recent years has demanded 
die development of sophisticated, efficient, lightweight power systems which 
have a high power-to- volume density ratio with no compromise in perform- 
ance. The high-frequency switching power si^jplyjneets these demands, 
and recently it has become the prime powering s<siro^ the m^ority of 
modern electronic designs. -- - . . 

Because the complexity of the power supply is increasing, dedicated 
engineering departments and highly skilled engineers are required to un- 
dertake their design and development. Unfortunately, very few engineers 
are coUege-trained-to become power supply engtaetrJ? tod the ones who 
get involved and make it a career do so either due t^^nimstintld involve- 
ment or by demand. 

On the other hand, very few colleges and universities ofier any power 
electronic courses with the emphasis on the desigff'of SVMtching power sup- 
plies and magnetics. Consequently, college students or practicing engineers 
^o want to pursue a career In this truly exciting and fascinating field must 
enrich their knowledge by studying material mostly in the form of application 
notes, published by different electronic companies in promoting their prod- 
ucts, or technology articles published in professional magazines The need 
for a comprehensive, coherent, and easy to understand text, which blends 
both theory and practice and also covers most of the latest developments in 
the switching power supply field, promoted the writing of this book. 

Thte book is intended to be used by either the engineering student or 
I die practicing engineer who wants step-by-step instruction to the theory 
and design of switching power supplies. It compiles the knowledge of all 
those who. have worked in this field for years in order to help those just 
Starting. It includes enough theory to make the reader aware of the results, 
but long mathematical derivations are limited. The end result of die theory 
and its application in the design aspect is emphasized. 

This Second Edition of the book fdbws the forma* set forA in the First 
Edition. However, certain chaiiters have been enhanced and expanded with 

m 
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new material. The net result is a more comprehensive and updated presen- 
tation of high-frequency switching power supply design, which takes the 
reader from the 20-kHz region to today's megahertz region. 

The fint chapter of the book describes the building blocks of a complete 
switcher, and each of the subsequent chapters describes aitd analyzes each 
building block in detail The basic design equations are i;iveri, but !on'5 
mathematical derivations are omitted. Numerous examples are presented 
that enhance and reinforce the theory with practical desii^ns. 

The book describes all the basic classical switching power supply topol- 
ogies, and new topologies are also presented. The switching power transistor, 
both bipolar and MOSFET, is extensively analyzed. Subjects such as snubber 
circuit designs and base drive designs are extensfvely covered. Odier semi- 
conductor devices, such as the gate turn-off (GTO), synchronous rectifiers, 
fast recovery rectifiers, and Schottky rectifiers are also presented in depth. 

The analysis and design of magnetic components, such as high-frequency 
power transformers, power inductors, and magnetic amplifiers along with 
application design examples are covered. 

Power control semiconductor integrated circuits (ICs) are covered, and 
a number of representative popular commercial ICs are descsribed as a 
reference. 

Chapter 9 is devoted to the important subject of power supply feedback 
loop stability. The analysis and design of feedback amplifiers is presented 
in a practical, easy to understand way, simplifying this traditionally difficult 
to understand subject. 

Chapter 10 discusses the importance of electrom^^etic and radio fre- 
quency interference (EMl-RFI) and presents circuits for its suppression. 

Chapter 11 covers national and international safety requirements, and it 
presents and explains safety design standards such as UL, CSA, VDE and 
lEC. 

The First Edition of the book was received with enthusiasm, and I was 
gratified to receive both compliments and constructive suggestions. These 
suggestions prompted the vmting of the Seamd Edition, \rfiich includes 
materia] asked for by readers. 

It is my hope that this edition will become a valuable reference to all 
those seeking k-nowledge and understanding of the ever-expanding field of 
high-frequency switching power supply design. 

I would again like to thank my femily for their support and understanding 
during the writing of both editions of the book, as well as all diose^\^ have 
contributed to the enhancement of our profession and the power supply 
field in general. 

Also I would like to thank Ellen Dalmus and Claudia Mungle for typing 
the manuscript for the First Edition and Barbara Stone and Jami Schmid 
for their contribution in typing the manuscript for the Second Edition. 



George C. Chrystis 



. ONE 

THE SWITCHING POWER 
SUPPLY: AN OVERVIEW 



1-0 INTROOUenON 

■i 

As the integrated semiconduttor technology becomes more advanced, sys- 
tem designers as well as electronic manufacturers are emphasizing size and 
weight as important features of their products. 

Traditionally, the bulkiest part of a^vst^is the power supply, with its 
heavy isolation transformer, leat sinksrana%oling fans, as In the case of 
series-pass linear designs. 

TTie trend therdbre^ilHeeent years has been toward the development of 
high-efiiciency, lightwe^^ and compact power supplies to complement the ' 
new system designs. The high-frequency switching power supply is die 
obvious solution. 

However, this new type of power supply is much more sophisticated than 
its linear counterpart. It requires knowledge in analog electronic design and 
m^^etic component design, along with logic and control design. 

The task of power supply design is not a side project anymore. The 
switching power supply has spawned new exciting interest in the power 
electronics field, and the term "power supply engineer" has been redefined 
and given new respect. New research has been undertaken by the industry 
and academia, to push the frontiers of this truly fascinating field. 

The-advaneeraentHn-the-field have been rapi4and«vwrding. The-pewtr 
supply is finally following the advancement of the rest of the electi|«ics. 
Power supplies are becoming smaller, more elficient, extremely compact, 
and cost-effective. The trend is for higher switching frequencies, above the 
traditional 20-kHz and up to the megahertz region. Commercial power sup- 
plies working at 1 Nf Hz are already available from a number of manu&cturers, 
with more to come. 

Truly diis is only the beginning. 

1 
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1-1 TM LINEAR POWER SUPPLY 

The linear power supply is already a mature technolog)',, which has been 
used since the dawn of electronics. Whether this type of power supply 
incorporates tubes or semiconductors, its constrt^Uon and operation are es- 
sentially the same. 

Figure 1-1 shows the simplified block digram of a sene>^ pass linear 
regulated power supply. In this type of power supply, a k)w-irequency, 50- 
or 60-Hz transformer is used to step down the ac mains to a lower voltage 
of the same frequency. This secondary voltage is in turn rectified and filtered, 
and the resulting dc is fed into a series-pass active element. 

By sampling a portion of the output voltage and comparing it to a fixed 
reference voltage, the series-pass element is used as a form of "variable 
resistor" to control and regulate the output voltage. However, this mode of 
operation dissipates a large amount of power in the form of heat, conse- 
quently lowering the efficiency of the power supply to 40 or 50 percent. 

Although the linear power supply in general has a tight regulation band 
along with very low output noise and ripple, the disadvantages are obvious. 

As we mentioned, because of its low efficiency, usually bulky and expen- 
sive heat sinks and cooling fans are needed, and large isolation power trans- 
formers are used to step down the bc input voltage. Hence, this type of 
power supply tends to be bulky, heavy, and almost unfit for today's compact 
electronic systems. 

Other disadvantages of the linear power supply are its relatively narrow 
input voltage range, normally ±10 percent, and its very low output hold- 
up time, about 1 ms. 
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FIGUBE 1-1 Block diigram of i lerics-pass regulated linear power supply. 
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1-2 1HE OFP-THG-UNE SWITCHING REGULATED POWER SUPPLY 

The disadvantages of the linear power supply are greatly reduced or elim- 
inated by the regulated switching power supply. 

Figure 1-2 shows a simplified block diagram of a high-frequency off-the- 
line switching power supply. In this scheme the ac line is directly rectified 
and filtered to produce a raw high-voltage dc, which in turn is fed into a 
switching element. The switch is operating at the high frequencies of 20 
kHz to 1 MHz, chopping the dc voltage into a high-frequency square wave. 
This square wave is fed into the power isolation transformer, stepped down 
to a predetermined value and then rectified and filtered to produce the 
required dc output. 

A portion of this output is monitored and compared against a fixed ref- 
erence voltage, and the error signal is used to control the on-of times of the 
switch, thus regulating the output. 

Since the switch Is either on or off, it is dissipating very little energy, 
resulting in a very high overall power supply efliciency of about 70 to 80 
percent. Another advantage is the power transformer size which can be quite 
small due to high operating frequency. Hence the combination of high 
efficiency (i.e., no large heat sinks) and relatively small magnetics, results in 
compact, hghhveight power supplies, with power densities up to 30 W/in.' 
versus 0,3 W/in.' Ibr linears. Coupled with very wide input voltage range, 
90 to 260 V ac, and very good hold-up time, typically 23 ms, the switcher 
has become the choioe for electronic system designers. • 
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FIGUBE l-l Hie baitG oE-the-llne switchina; regiilaled power nipidy. 
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Of course, there are certain disadvantages associated with the switching 
power supply, such as higher output noise and ripple, EMI/HFI generation, 
and higher design complexity. However, with caretui design these problems 
may be greatly reduced or ehmina'^ed. 

1-2-1 The Complete Off-the-LIn* 
Power Supply Building Blocks 

The building blacks of a tyiMcal high-frequency off-the-hne switching power 
supply are depicted in Fig. 1-3. 

The purpose of this book is to analyze each building block in a logical 
sequence, providing the reader with the understanding and with the tools 
needed to undertake the design of switching power supplie.'^ As the name 
implies, the input rectification in a switching power supply is done directly 
off-the-line, without the use of the low-frequency isoUtion power trans- 
former, as in the case of the linear powei" supply. 

The basic operation of the switching power supply was described in the 
previous section. However, the complete block dk^eam shown in Fig. 1-3 
contains other important sections' such as the'ac line BPI filter block, the 
ancillary and supervisory blocks', and the 10 isolation block 

The EMI/RFI filter could be either part of the power supply or external 
to it, and it is generally designed to comply to national or international 
specifications, such as the FCC class A or class B and VDE-0871. 

The ancillary and supervisory circuits are used to protect the power sup- 
ply — and the electronic circuits it powers — from fault conditions. Generally 
each power supply has current-limit protection to prevent its destruction 
during overload conditions. Overvokage protection is part of the supervisory 
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FIGURE 1-3 The buUding blocks of a typical off-the-lin« high-frequency switching power 
supply. 
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circuits used to protect the load from power supply feilures. It is important 
to note that although in a linear power supply, overvoltage conditions were 
common during failure of the series-pass element (Le., shorted), in a switch- 
ing power supply, failure of the switching element nannally resuhs In a 
nonou^ut condition. However, the output of tie switcher will go high if 
the feedback loop is opened. 

_ Input/ou^ut isolation is essential to an off-the-line switcher. The isola- 
tion may be optical or magnetic, and it should be designed to comply to 
UL/CSA or VDE lEC safety standards. Thus the UL and CSA require 
1000 V ac isolation voltage vwthstand while VDE and lEC require 3750 V 
ac. Consequently the power transfiimier has to be designed to the same 
safety isolation requirements also. 
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THE INPUT SECTION 



2-0 IHf VOLTAOE OOUBUER TECHMSW 

As we mentioned previously, an off-the-line switching power supply rectifies 
the ac line directly without requiring a iow-frequency, line isolation trans- 
former between the at mains and the rectifiers. Since in most of today's 
electronic equipment the manufacturer is generally addressing an interna- 
tional market, the power supply designer must use an input circuit capable 
of accepting all world voltages, normally 90 to 130 V ac or 180 to 260 V ac. 

Figure 2-rsBows a realization of soch a'drcuit by using the voltage doubler 
technique. When the switch is closed, the circuit may be operated at a 
nominal hne of 115 V ac. During the positive half cycle of the ac, eapacitfir 
Ci is charged to the peak voltage, 115 V ac x 1.4 = 160 V dc, through 
diode Di- During the negative half cycle, capacitor Cj is charged to 160 V 
dc through diode D4. Thus, the resulting dc output will be the sum of the 
voltages across Ci + Ct. or 320 V dc. When the switch is open, DiJx> D4 
form a foil-bridge rectifier enable of rectifying a nominal 230-V ac 1^ and 
produdng the same 320-V dc output voltage. 

M COMPONBtT SOCenON AND DEjiBnTCmTBHA 
244 -Input-BedMefs 

When choosing either a bridge rectifier assembly or discrete rectifiers, the 
designer must look up the following important specifications: 

1. Maximum forward rectification current capability. This figure depends 
primarily on the power level of the switching power supply design, and 
the selected diode must have at least twice the steady-state current ca- 
pacity of the calculated value. 

7 
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FIGURE 2-1 This circuit may be used for cither 115- or 230-V ac i.vut, depending on the 
position of llie switch. Inrush current limiting, faiput transient protection, and discharge 
ratistart m alio ihown. 



2. Peak inverse voltage (PIV) blocking capability. Since these rectifiers are 
used in high-voltage envlronmenb, they must have a high PIV rating, 

normally 600 V or more. 

3. High surge current capabilities to withstand the peak currents associated 
with tum-on. 



2-1-2 Input niter Capacitors 

Proper calculation and selection of the input rectifier filter capacitors is very 
important, since this will influence the following performance parameters: 
the low-frequency ac ripple at the output of the power supply and the 
holdover time. Normally high-grade electrolytic capacitors with high ripple 
current capacity and low ESR are usethwithnarwifciiig-yo fa ige of£80-V-dc^ 
minimum. Resistors Rt and As> shown in Fig. 2-1 shunting the capacitors, 
provide a discharge path when the supply is switched off. 
The fbnnula to calculate the filter capadtor is given by 



It 
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where C = capacitance, fxF 
I - load current, A 

t = time the capadtur must supply currents, ms 
• AV - illowable peak-ti,.peak ripple, V 



EXAMPLE 2-1 



Calculate the value of the input filter capacitors ofaSO-W switching power 
supply working at U5 V ac, 60 Hz, 

SOLUTION" 

The iirst step is to calculate tl,o dc load current. Assume a \TOtst-case effi- 
ciency of 70 percent for the po*^, juppjy. xhen for a 50-W output the Input 
power is 

tl 0,7 

Using the voltage doubler technique (see Fig, 2-1). at 1 15 V ac, the dc output 
will be 2(115 X 1.4) = 320 V Jc. Tlierefore. the load current will be / = 
P/E = 71.5/320 = 0.22 A. Now assume the design can toleiate a ripple of 
30 V peak-to-peak and that tht^ capacitor has to maintain the voltage level 
for every half cycle, i.e., one-luUf the line frequency or for about 8 ms for 
a eO-Hz ac line frequency. Tlif^j using Eq. 2-1, 

0.22(8 X 10-») X 10-3 
^ 30 ■ ~ 30 = 58 X 10-* P--58|iF 

We choose a standard value 6f 50 p. 

Since in the voltage doublt^^ configuration C = C, -f Cj, then C, " 
Ci = 100 nF, which is the caixacity needed for this 50-W design. 



2-2 INPUT PROTECTIVE DEVldS 
2-2-1 Inrush Current 

An off-the-line switching powtv^ supply may develop extremely high peak 
inrush currents during tum-oi,, unless the designer incorporates some form 
of current limiting In the input, section. These currents are caused bv the 
charging of the filter capacitor*, which at tum-on present a very low imped- 
ance to the ac lines, generally ^^nlv their ESR. If no protectbn is employed, 
these surge currents may app^v^ach hundreds of amperes. 
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Two methods are widely employed In introducing an impedance to the 
ac hne at turn-on and in limiting the inrush current to a safe value. One is 
using a resistor-triac arrangement, and the other using negative temperature 
ooefficieot (NTC) thermistors. Figure 2-1 shows how these elements may be 
employed in a power supply. 

The Resistor-Triac Technique Using this inrush current limiting technique, 
a resistor is placed in series with the ac line. The resistor is shunted by a 
triac which shorts the resistor out when the input filter capacitors have been 
iiilly charged. This arrangement requires a trigger circuit which will fire the 
triac on when some predetermined conditions have been met. Care must 
be taken in dioosing and heat-sinking the tdac so that it can handle the full 
input current when it is turned on. 

The Thermistor Technique This method uses NTC thermistors placed on 
either the ac lines or the dc buses after the bridge rectifiers, as shown in 
Fig. 2-1. 

The resistance-temperature characteristics and the relationship of the 
temperature coeficient a of the NTC thermistor are shown in Fig. 2-2. 
1 When the power supply is switehed on, the resistance of the diermistor(s) 



R 



aR 




I 



' ' ■ ^ T 

FIGURE 2-2 An NTC thermistor's resistance drops drasti- 
caliy as the temperature increases; a is the temperature coef- 
ficient of the tlisnaiilor, eiprcued in percentage per depwe 
centigrade. 
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is essentially the only impedance across the ac line, thus limiting the inrush 
current. 

As the capacitors begin to charge, current starts to flow through the 
thermistors, heating them up. Because of their negative temperature coef- 
ficient, as the thermistors heat up their resistance drops. When the ther- 
mistors are properly chosen, their resistance at steady-state load currentwill 
be a minimum, thus not affecting the overall efficiency of the power supply, 

2-2-2 Input Transient Voltage Protactlen 

Although the ac mains are nominally rated at 115 V ac or 230 V ac, it is 
common for high-voltage spikes to be induced, caused by nearby inductive 
switching or natural causes such as electrical storms or lightning. During 
severe thunderstorm activity, voltage spikes in the order of 5 kV are not 
uncommon. , 

On the other hand, inductive switching voltage spikes may have an energy 
content 

W - iU« (2-8) 

where L is the leakage inductance of tfaerinductor, and / is the current flowing 
through the winding. 

Therefore, although these voltage spikes may be short in duration, they may 
carry enough energy to prove fetal for the input rectifiers and the switching 
transistors, unless they are successfully suppressed. 

The most common suppression device used in this situation is the metal, 
oxide vanstor (MOV) transient voltage suppressor, and it may be used as 
shown in Fig. 2-1 across the ac line input. This device acts as a variable 
impedance; that is, when a voltage transient appears across the varistor, its 
impedance sharply decreases to a low value, clamping the input voltage to 
a safe level. The energy in the transient is dissipated in the varistor. .The 
folfowing procedure gives a guide in selecting these devices: 

1. Choose the ac voltage rating of the MOV to be about 10 to 20 percent 
greater thsui the maximum steady-state circuit value. 

2. Calculate or estimate di» .Hiaiinvim tmnstfnt iwimgy- in- joules-liiat-die 

circuit may experience. 

3. Make sure that the maximum peak surge current of the device will be 
properly rated. 

After all of the above have been established, the pr<^»er MOV may be 
selected from the manu&cturer's data sheets. 



14 HSH+REQUENCV SWnCHNS POWER SUPPUES 




(b) 

FICVBE3-I ModdrfthellybMkiirlwelc-booitoiBverter.WSwIleh 
doied, {b) nMi optn. 



pulsating, flowing when the switch is closed aad alwupdy interrupted when 

the switch is open. . , 

Last, Fig. 3-3 shows the push-pull converter, which in reality consists ot 
the two forward converters operating in a push-pull (or more correctly push- 
push) action, with alternate closing and opening of either switch S, or Sj. 
This dicuit is also known as buck-derived. 



S-1 THI IS0LA1ID aVBACK CONVERTER 

The model of the flybadc converter shown in Fig. 3-1 has no safety isolation 
between input and output. An off-the-line switching power supply nonnaUy 
requires mains isolation in the form of a transformer. To be more pre«^. 
although in the diagram the isolation element appears in the form a 
transformer, its action is that of a choke and therefore tt is mwe correcUy 
referred to as transformer-choke. 
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FIGURE 3-2 Modal oT tlw brrard ar biidi gonverltr. [a) Swftcb dnHd, (b) 
switch open. 



Figure 3-4 depicts an isolated flyback converter with the associated steady- 
state waveforms. The circuit operates as follows. When transistor Qi is on, 
primary current starts to build up in the primary winding, storing energy. 
Due to the o^wsite polarity anangement between the input and output 
windings of the transformer-dioke, there is no energy transferred to the 
load since diode D is reverse-biased. 

When the transistor is turned off, the polarity of the windings reverses 
due to the collapsing magnetic field. Now diode D is conducting, chai^ng 
the output capacitor C and delivering current /(, to the load. 

Since the isolation element acts as both a transformer and a choke, no 
additional inductor is needed on the output section of the flyback converter. 
In practice, thou^, a smaH inductrar may be necessary between the recHfier 
and the output ci^adtor in (xde'r to suppress high-firequency switching noise 
spikes. 
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THREE 

TYPES OF POWER 
CONVERTERS 



3-0 DEFINITIONS AND DWUNSIONING 

Althou^ th«re are numerous converter circuits described by a number of 

authors and researchers, basically all of them are related to three classical 
circuits known as the "flyback or buck-boost," the "forward or buck," and 
the "push-pull or buck-derived" converter. A model of the flyback converter 
is illustrated in Fig, 3-1, and operation of the circuit is as follows. 

When the switch S is closed (Fig. 3- la), current flows through inductor 
L, storing energy. Because of the voltage polarity, '3iode D is leyene- 
biased, thus no vohage is present across ^e load Rj,. AVhen the swit«ji S is 
open (Fig. 3-lfc), inductor L reverses polarity because of the collapsing 
magnetic field, forward-biasing diode D, and inducing a current flow Ic i» 
the polarity shown. Thus, an output voltage of opposing polarity to the input 
voltage appears across flf Since the switch commutates continuous inductor 
current alternately between input and output, both currents are pulsating 
in form. Therefore, in the buck-boost converter, energy is stofcd in-Jlhc 
inductor during the switch on period; then this energy is transferred'to%e 
load during the flyback or the switch off period. 

Figure 3-2 illus;trates the operation of a forward converter. When the 
switch S is closed, current / flows in a forward manner through inductor L, 
producing an output voltage across the load with the polarity shown in Fig. 
3-2a. Diode D is also reversfi-btewa.iliie.tn rtw dinicHon'of the lupnt voltage 
polarity. When the switch- S opens (Fig. 3-2b), the magnetic fiekl in L 
changes polarity, forward-biasing diode D and producing a current through 
capacitor C, as shown. Therefore, the output voltage polarity across Rj, 
remains the same. Diode D is often called a "free-wheeling" or "flywheel" 
dtode. - 

Because of this switching action, the output current is continuous and 
therefore nonpulsating. In contrast Input current is discontinuous, hence 
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FIGURE 3-3 MdddaTlUpnhiHiBerliiidHkrlvcdcMMrter. 



3-1-1 The Flyback Converter Switching Transistor 

The switching transistor used in the flyback converter must be chosen to 

handle peak collector voltage at turn-off and peak collector currents at 
turn-on. The peak collector voltage which the transistor must sustain at 
turn-off is 

Vcftmat — ^ — (3-1) 

where is the dc input voltage, and is the maximum duty cycle. 

Equation 3-1 tells us by examination that ih order to liinil the conector 
vdtage to a safe value, the duty cycle must be kept relatively low, normally 
below 50 percent, i.e., J„„ < 0.5. In practice (5„„ is taken at about 0.4, 
which limits the peak collector voltage V^^.^^ s 2.2V,„ and, therefore, 
transistors with working voltages above 800 V are usually used in off-the- 
"line 'flybadrc o i i verier -designs . 

The second design criterion which the transistor must meet is the working 
collector current at tiun-on, given by 

/c = ^ = /p (3-2) 

where ij. is the primary transformer-choke peak current, n is the primary- 
to-secondary turns ratio, and is the output kad current. 




IS HieHmouB«:v swncHiNe power suppues 

To derive an expression of the peak working collector current in terms 
of converter ou^t power and input voltage, the foUowing equatfon may bv 
written for the energy transferred in the choke: 

" (2?) 

where 9 (etd) is the etdency of Ae converter. 
' The voltage across the transformer may be expressed as 

Ldi 

- ^ (34) 
If we assume {U = /, and II dt = fld^, then Eq. 3-4 may be rewritten as 

V», = (3-5) 

or - ■ 

L - ^ (3<) 



.Ma 



SdKtItuting'^q';^-6 into Eq. 3-3 we get 
Solving for /r, - -' 

•'•V on 

Now substituting Eq. 3-7 into Eq. S-STwe gef the expression for the transistor 
working current in terms of output power 

To simplify Eq. 3-8 even more, assuming a converter efficiency of 0.8 (80 
percent and a duty cycle d^, - 0.4 (40 percent), then 

'c-^ (3-9) 

3-1-2 The Flyback Converter Tramformer-Choke 

Since die transfinme^cbokerofdie fiyback converter Is d^en in one direc- 
tion only of the B-H chaiacteistic curve, it has to be des^d so dtat ft will 
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not saturate. An extensive analysis and design- is given in Chap. 5. Here it 
suffices to say that a core with a relatively large volume and air gap must be 
used. 

The effective transformer-choke volume is given by 

Volume - f*^'^^^ (3.10) 

where 7i.„„ = determined by load current 

H, • relative permeability of the chosen core material 
fim * nuudmum flux density of the core 

The relative permeability ii, must be chosen to be large enough to avoid 
excessive temperature rise in the core due to restricting core and wire size 
and therdbre copper and core losses. 



3-1-3 Variations of the Basic Flyback Converter 

As was discussed with the bask flyback circuit, the collector voltage of the 
switching transistor mustsustatn at least twice the input voltage at ttim-o£ 
In cases where the voltage value is too high to use a commercial transistor 
type, the two-transistor flyback converter may be used, as shown in Fig. 
3-5. This circuit uses two transistors, which are switched on or off simulta- 
neously. Diodes O, and D-i act as clamping duxles restricting the maximum 
collector voltage of the transistors to V^. Thus kiwer voltage transiston may 
be used to realize this des^ but at the expense of tluee«xtra components, 
i.e., Di, and D:, ^ 
An advantage of the flyback circuit is the simplicity by which a multiple 
output switching power supply may be realized. This is because the isolation 
element acts as a common choke to ail outputs, thus only a diode and a 
capacitor are needed for an extra output voltage. Figure 3-6 illustrates a 
practical circuit 



34 1HMSOLA10 ramVABD CONVRTR 

At first glance, the isolated forward converter circuit resembles that of the 
flyback converter, but there are some definite and distinct differences be- 
tween the two circuit topologies and their operation. Figure 3-7 shows the 
basic forward converter and its associated waveforms. 

Since the isolation element in the forward converter is a pure transformer, 
a second inductive energ)^ storage element L is required at the output for 
proper and efficient energy transfer. Notice also that the primary and sec- 
ondary windings, of^ transformer have the same polarity, i.e., the dots 
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FIGUBE 3^ The two-traniistor iybtA dtadt M-in ifae 
rtoVh. 



colfcctor voltige if Mdi 



are at the same winding ends. Function of the circuit is as follows. When 
Qi turns on, current builds up in the primary winding, storing energy. 
Because of the same polarity of the transformer secondary winding, this 
energy is forward-transferred to the output and also stored in inductor L 
through diode is forward-biased. Diode Is ludcbia^. When 

Qi turns ai, the transfonner winding voltage reverses, back-biasing diode 
Dj. Now, die fiywheel diode Dj is forward-biased, conducting current in 
the output loop and delivering energy to the load through inductor L. 

The tertiary winding and diode D, provide transformer demagnetization 
when Qi is switched oFby returning the transformer magnetic energy into 
the output dc bus. The dark areas on the wavefonns,jaf Fig. 3-7 show the 
magnetfziiig-demagnetlziiig cuirent, given as 

r _ I^EsZia 

imv - — J — • (3-11) 

where T<5„„ is the period Vhen transistor is on, and L is the outout 
inductance in microhenrys. 
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FIGUBE3-6 MiiltipkoulpuliiiMyli«Msii]rdtrlvwiiulng«flylMd;Ggnverter. 
Both potjtiM Mui Mgativi .nalUgM an paoSib ustag cxin on^t wfa^p, a 
Aods, iM a wnwHlihig mparitw. 

3-2-1 The Forward Converter Swttohing Transistor 

'Because of the tertiary winding and diode Di (Fig. 3-7), the voltage across 
tFRDtlitOFQi at-tiim-<^is limited to 

Vc£.™, = 2V^ (3-12) 

The waveforms ako show that the peak collector voltage of iV^ is maintained 
for as long as Dj conducts, that is, for a period of Td^^. Also by inspection 
of the same waveforms we can see that the transistor collector current at 
turn-on will have a value equal to that derived for the flyback converter plus 
the net amount of the magnetization current. Therefore, pe^ collector cur- 
rent in the transistor may be written as 

j^^L^. lisfS^k (3.13) 
n L 
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where n - prlmary-to-secondaiy turns ratio 
/j, = output inductor current, A 

Tdau = period triinsistor is on 

L = output inductance, fitl ^\ 

From the e;q>ression 

V^-^ (3-14) 



or 



V,.-T^ (3-15) 

Equation 3*13 may be rewritten as 

I,^lk + alLs (3-16) 

. _ , , n L 

Assuming that the magnetizing current term nrVo„/L is very small compared 
to the peak collector current, for alkpractical pwposes Ic may be derived 
as shown in Sec. 3-1-1 to be 

(3-17) 



3-2-2 The Forward Converter Transformer 

Care must be taken when designing the transformer of the forward converter 
to choose the proper core volume and air gap to avoid saturaUon. The 
transformer equations given in Chap. 5 may be used to design the forward 
transformer. TiiB core volume of the transformer Is given by ' 

Volume - ^^2^^ (3-18) 

where 

r_^.»2Ias- (3--19) 

It should also be noted that the duty cycle of the switch 5^^ must be kept 
bdow 50 percent, so that when the transformer volUge is clamped through 
the..tertiary winding, the integral of the volt-seconds between the input 
voltage, when Qi is on, and the clamping level, when Qi is off, amounts to 
zero. Duty cydes above 50 percent, i.e. , * > 0.5, will upset Ae volt-seconds 
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balance, driving the transformer into saturation, which in turn produces hi^ 
collector current spikes that may destroy the switching transistor. 

Although the clamping action of the tertiary winding and the diode limit 
the transistor peak collector voltage to twice the dc input, care must be 
taken during construction to couple the tertiary winding tightly to the pri- 
msn' (biiilar wound) to eliminate fatal voltage spikes caused by leakage 
inductance. 



34S Voriollont ol if Bwlc Pctrward Convrtf 

& cases where the input voltage is too high, the two-transistor forward 
converter may be used, as in the flyback case. The two transistors are 
switched on or off simultaneously, but the transistor voltage doei not rise 
above Figure 34 shows this circuit variation. 

Hie forward converter may also be used to derive multiple output volt- 
ages, although this circuit requires an extra diode and choke in the output 
section of each derived voltage. It should be noted here that the flywheel 
diode must have at least the same current rating as the main rectifying diode. 




FIGURE 3-8 The two-transistor forward converter limits the collector voltage of each 
buiMor to Vk becnneaf tba dampiiig BeUoa of 0| and 
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FIGURE 3-9 The forward transformer suits itself well to multiple outputs, althou^ the 
dradt realizaiiaa b Diore expentim than that of the Sybaek converter because of the extra 
diode and-dMke hi each oaipiit ^ 

/ I 

since it provides full output current when the transistor is oC Figure 3-9 
shows a practical multiple-output forward converter. 



3-3 THE PUSH-PUX CONVERIKR 

The push-pull converter is really an-anangement of two forward converters 
working in antiphase. Since bodi halves of the pudi-puU converter are de- 
livering power to the load at each half cycle, a more appropriate name might 
have been the push-push converter, but over the years, the term push-pull 

has prevailed. ~ 

Figure 3-10 shows the basic conventional push-pull configuration and its 
associated waveforms. From the waveforms we can see that because of the 
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presence of the two sets of switching transistors and output diodes, the 
average current in each set is reduced to 50 percent over the equivalent 
forward converter. Note that in die interval between transistor conduction, 
diodes Di and D2 conduct simultaneously, essentially shorting the secondary 
isolation transformers and delivering power to the output, acting as flywueel 
diodes. 

The output voltage of this converter may be derived as 

. ^is^ (3-20) 
n 

The value of Sam in Eq- 3-20 must remain below 0.5 in order to avoid 
simultaneous conduction of the switching transistors and therefore destruc- 
tion. Assuming ■ 0-4 dien Eq. 3-20 may be rewritten as 




where n is the piiinary-toi-secondary hims ratio. 



3-3-1 The Push-Pull Converter Transformer 

As we noted when discussing flyback and forward converters, their trans- 
formers exploit only one-half of the B-H characteristic curve and therefore 
are bulky and have an air g^. Assuming in the push-pull converter that the 
omductiOD times of the two transistors are equal (or they are forced to be 
equal) thetransfianner will use both halves of the B-H curve and the volume 
of the core will be halved. An air gap may not be necessary. 
The volume of the transformer is given by 

Volume - (3-22) 
•'iiiii 

v4teie lut, > nVu^TIAL is the magneriafaig current. 

In Chap. 3 an extensive design analysis is given for the femlly of push-pull- 
based converters. - - 



^«i*"The Push-Pull ConvertefTremstetow 

Since <w^h half of the push-pull converter in essence is a forward converter, 
the voltage across eadi transistor at turn-off is l&nited to 

_ - VcE.«. = 2Vh (3-23) 

The peak collector current of eadi transistor is given by 

/c - + I«, (3-24) 
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Assuming that < IJn, then 

ic = ^ (3-25) 
n 

The following expression is derived ftr the transistor collector woildng cu^ 
rent in terms of ou^ut power, efficiency, and duty cycle, as shown in Sec. 
3-2-1: 

Assuming a converter efficiency ir = 80 percent and J.^. " 0.8, dien the 
woildng transistor collector current is 

h = (3-27) 



3-3-3 Limttdttons of Itie Push-PuM Circuit 

Although Ae push-pull converter oSers some advantages, such as nonisolated 
base drives and simpler driver circuitry, it also presents a number of dis- 
advantages which make its use as an off-the-line switcher almost not practical. 

The first limitation is the voltage rating of the transistors, which should 
handle twice the input voltage to the converter plus any leakage spike that 
might result because of transformer leakage inductance as shown in Fig. 
3-11. This means that switching transistors able.bxblodc over 800 V (for use 
in 230-V ac lines) must be specified for an dT-the-line push-pull converter. 
This may present a proUem for high-power converters, since high-current- 
hi^^Itage transistors are not aD that-common and also tend to be expen- 
sive. 

Figure 3-11 also shows the second and more severe of the problems 
associated with push-pull circuits, that Is, transformer core satoraOon. In 
today's switching power supplies, feirlte core mateMal is widely used because 
of Its low losses at high frequencies of 20 kHz and above. Unfortunately the 
ferrites also have a high susceptibility to core saturation because of their low 
flux density, which is usually around 3000 gauss (G). Therefore, a small 
amount of dc bias in the core will drive it to saturation. This is exactly what 
happens with the push-pull circuit. When one transistor swltdies on, the 
flux swings in one direction of the B-H curve in order to reverse direction 
when the first transistor switches off and the' second transistor switches on. 
In order for t|te twp areas of the flux density to be equal, the saturation and 
switching dtancti^tius of the switching transistors must be identical under 
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FIGURE 3-11 These are practical voltage and OUmM wmwfermi aHOdMed with the 

push-pull converter shown in Fig. 3- 10. 



all working conditions and temperatures. If die transistor characteristics are 
not Identical, "flux walking" to one direction of the B-H curve occurs, driving 

the core into the saturating region. Saturation of the core means high col- 
lector current spike in one of the transistors, as shown in Fig. 3-11. ^ 

This excessive current produces large amounts of power loss in the tran- 
sistor, heating it up, which in turn further unbalances the transistor char- 
acteristics, thus saturating the core even more, producing even higher 
saturation currents,, and so on. Tlds vidous cycle will conttaue until Jhe 
transistor goes into a thermal runaway, which leads to destruction'. 

Two solutions to the problem are possible. First is gapping the core, 
which means an increase in leakage inductance and therefore the need of a 
dissipative snubber at the ei^nse of lower efficiency. Second is using a 
symmetry correction circuit, which ensures balance operation of the power 

- Jnnsfnmiftr hy mrA\^n^ anH Wpingthq ffifyijffi'aMtK ^tbe driver generator 

equal Unfortunately this method raqidies extra circuitry, which adds to the 
cost and complexity of ffie converter. 

The disadvantages of the push-pull circuit may be alleviated by using the 
half-bridge or iiill-bridge power converter. The half-bridge converter is very 
popiilaf among pwer supply designers, and it is extensively discussed in 
Sec. 3-4-1. 
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3^1 The Half-Bridge Converter 

As mentioned previously, there are two main reasons for developing the 
half-brfdge dreutt. One to to be able to work the converter from both 115- 
and 230-V ac taput VDltages without wearying about using high- voltage tran- 
sistors and the second b either to incoipotate a simpk nieans of balancing 
the volt-seconds inteml of each switching transistor wtthout gappingtoe 
power transformer or to use expensive symmetry correction drculti. Figure 
3-12 shows the basic dual input voltage half-bridge converter. 

Notice that in the half-bridge configuration the power transformer has 
one tide connected to a floating voltage potential created by the senes 
capacitoni C, and C, which has a value of VJ2. 160 V dc at nominal input 
volUge. The other end of the Iranrfbnner Is connected at the junction of 
the g, emitter and Qz collector through a series capacitor C3. When tarns 
on this end of the transformer goes to the positive bus, generating a voKage 
pulse of 160 V. When Qi turns off and Q2 turns on, the polanty of the 
' transformer primary reverses; ance it is now connected to the negative bus 
generating a negatJye pulse of 160 V. The tum-on-tum-off action of Q, and 
O, therefore wiU generate a 320-V peak-to-peak square wave, which in turn 
is stepped down, rectified, and filtered to produce the output dc voltage. 

We have therefore succeeded with this converter topology in achievmg 
the first goal of reducing the. voltage stress imposed on the switching tran- 
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sistors to no more than Vfc. Now kwer voltage transistors may be specified, 
and in practice 400-V transistttrs arie common^ used In this applkatloa. 

There is one minor price to pay when using the half-bridge dicult, that 
is, since the transformer voltage has been reduced to VJ2, the transistor 
working current will double. If we assume a converter efficiencyof 80 percent 
and a duty cyde S„ - 0.8, then the transistor working currtnt is 

/c-^ . • (3-28) 

The second objective of this topdfcgy 1$ to balance the volt-second integral 
(rf each switching transistor automatically in order to avoid core saturation. 
Figure 3-12 shows how this is done by inserting a capacitor in series with 
the transformer primary. Befening to Fig. 3-12, assume that the tvro switch- 
ing power transistors -have unmatdied switdilng characteristics; that is, tran- 
sistor (?i has a slow turn-off while transistor Qi has a fost turn-off. 

Figure 3-13o shows the effect of the slow turn-off of transistor Qi upon 
the ac voltage waveform at the junction of Qi and Q^. A volt-seconds un- 
balance, depicted by the cross-hatehed area, is added to one side of the ac 
voltage wawform. If this unbalance waveform is allowed to drive the power 
transformer, flux walking will occur, resulting in core saturation, producing 
transistor collector current spiking, which will lower converter eiBciency and 
may also drive the transistor into thermal runaway to destruction. 

By inserting a coupling capacitor in series with the primary transformer 
winding, a dc bias proportional to the volt-seconds unbalance is picked up 
by this capacitor, shifting the dc level as shovra in Fig. 3-i3fc, thus balancing ♦ 
the volt-seconds integral of the two switdiing periods. " • 

A way of decreasing transistor turn-off time is to use Baker clamp d^cs 
in its base circuit, which in effect do not allow the transistor to saturate fljUy, 
thus decreasing the storage time. We wfll discuss morejbout Baker damps 
and their applications in Chap. 4. 



>4-2 The SeriM Coupling Capacitor 

The power transformer coupling capadtor described previously is normally 
a film type nonpolar capacitor, capable of handling Ae foil primary C^^J^^k 
To minimize heating effects aJow ESR capacitor must be used or a baOcof 
capacitors may be placed in parallel to lower their ESR and also get the 
desired capadtance. The following analysis is a guide in selecting the proper 
value for Ae coupling capadtor. 

By toipecUng Fig. 3-12, it can be stated that the coupling c^>acitor and 
the output filter inductor form a series resonant circuit The resonant fire- 
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quency, from timpLt dicuit dieory. is - ^- . . 

where ft - resonant frequency, kHz > V 

C = coupling capacitance, fiF , ..» 

Lr - reflected filter inductance, fiH 

Hie reflected filter indtKtance to the transfbnner primary is 



where NfINf is &e transformer primary-to-secondary tnnu ratio, and L is 
the out{>ut inductance (/<H). 

Substttoting Eq. 3^ Into Eq. 3-29 and soMng fix* C we get 

In order for the charging of the coupling o^Mcitor to be linear, the 
resonant frequency must be chosen to be well below the converter switching - 
frequency. For practical puiposes, we will assume that the resonant fre* 
quency jniut be about one-fourth the switching frequency, expressed as - 

/i-0.25/s *(3-32) 

where /s Is the converter switchteg frequency (jtUii. 



EXAMPLE 3-1 

Find the coupling capacitance of a converter woildngJit 20 kHz, which has 
an output inductance of 20/(H and a tansfotmer turns ratio of 10. 

SOLUTION 

Since die switching frequency is 20 kHz, the resonant frequency from Eq. 
3-32 will be /i - 5 kHz. The reflected Inductance from Eq. 3-30 is Lr - 
10*(20 X 10-*) - 2000 JiUjO-* « 2 qH. Tberefire the cot^g capad- 

tw is ' ■ — — " 

^ " 4(3.14)<^ X 10^2 X 10-^ " ^-^f^^ 



Another important aspect relating to the value of the coupling ci^acitor 
is ib charging vdtage. Since Aiscqpadtarduuges and discbaiges every l)df 
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cycle and shifts the dc level as shown in Fig. 3-12, its voltage either adds 
or subtracts to the VJ2 value impressed on the transformer primary. Of 
course the most critical design criferion occurs when the voltage of the 
charging capacitor bucks the Vto/2 value, since if this voltage is excessive, 
it interferes with the converter regulation at low line. 

Tliere are two steps by which to check this voltage and in turn to correct 
the calculated capadtance. Hie capacitor charging voltage is given by 

Vc = ^ A (3^) 

where / ■ average primary current, A 
C - coupling capacitance, fiF 
dt = time interval capacitor is charging, lis 

The time interval by which the capacitor is charging is given by 

I 
2 



dt - l^-. (3-34) 



and 

T « 

h 



T - 7 (3-35) 



vrfiete T ■ switching period, 

^raix " duty-cycle 
/s = switching frequency, kHz 

For a 20-kHz converter having a duty cycle of 0.8 (80 percent), the charging 
interval will be 20 //s. 

The charging voltage Vq must have a reasonable value-anywhere between 
10 and 20 percent of VJl; that is, if VJ2 = 160 V nominal, then 16 s 
Vc s 32 V for-good converter regulation. If the charging voltage exceeds 
these limits, a new calculation Is needed to get a better capacitance value. 
This value then will be given as 

C = lA (3^ 

-^^re / " average primary current, A 
di = charging interval, jia 
dVc = arbitrary number from 16 b> 32 V 

The aifaitnuy number for dVc he so chosen to give a capacitance value 

close to a real-world standard value. Substituting the calculated-capacitance 
given by Eq. 3-36 we can get the voltage rating of the series coupling 
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capacitor. Although this theoretical voltage rating may be quite low, in 
practical designs film capacitors with 20Q-V ratings are normally used. 

EXAMPLE 3-2 

Suppose we were to use the capacitor calculated in Example 3-1 in a 
200-W, 20-kHz half-bridge converter. Verily if the calculated value of 
0.50 //F is acceptable. If not, tkea caknilate the appropriate value of the 
coupling capacitor. 

SOLUTION 

From Eq. 3-28 we calculate the transistorworldng current at nominal voltage 
to be 

Assuming that the converter has an input voltage tolerance of :t20 percent, 
then the heaviest current of the transistor will occur at kiw line. Making the 
coneetkin, the worst-case collector current will be 

Ic= 1.85 + 0.2(1.86) - 2.3 A 

Using Eq. 3-33 the coupling capacitor charging voltage is , 

. 2.3(20x10-'^ 
0.5 X 10-^ 

A charging voltage of 90 V is too high and will interfere with converter 
regulation at low line; therefore a new value of coupling capacitance must 
be found. Choosing a charging voltage of 30 V and using Eq. 3-36 we get 

2.3(20 X 20"*) 

A standard value of 1.5 may be used with a minimum voltage rating of 
30 V. Practical capacitor voltage ratings of 200 V are more commonly used 
ibr safety purposes. 



3-4-3 The Commulcrtlng Diodes 

In Figi-3-12, showing the basic half-bridge converter, dkxles Ds and Og were 
used across transistors and Q^, respectively. These diodes are ctdled 
commutating diodes and they have a dual function. 
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1. When the transistor turns oS, the commutating diode steers transformer 
leakage inductance energy back to the main dc bus. Thus high-energy 
leakage inductance spikes, such as the ones shown in the V(;£ waveform 
of Fig. 3-11 associated with the push-pull circuit, are not present. 

2. The commutating diode prevents the collector of the on transistor from 
swinging negative in respect to its emitter in the event of a sudden off- 
load situation due to an increase in transformer fiux. In such an event 
the commutating diode will bypass the transistor until the odlector goes 
positive again, preventing the device from an inverse oondtiction and 
possible damage . 

The commutating diodes must be fest-recovery types with a blocking voltage 
capability of at least twice the transistor collector-to-emitter off voltage. In 
practice, diodes with a reverse blocking voltage of 450 V are commonly used. 



1-8 THE FIEUBRIDGI CIRCUIT 

Dnring our discussion of the half-bridge circuit we noted diat, aMiiHigh we 
' suooessfully reduced the voltage stress of the switching transistiws at turn- 
off to half ihe Input dc voltage, the price to pay was doubling the collector 
current at turn-on, as compared to the push-pull circuit. This constraint is 
all-right for low- and medium-power applications, but it becomes more 
prohibitive for high-power applications, where Ugh-voltage-high-cunent 
transistors are less available. . , 

A way of getting around this problem is to construct acircuit wldch retains 
the voltage properties of the half-bridge and the current properties of the 
push-pull. "Hils circuit Is die iiill-faridge topology and it Is Aomt in Fig, 
3-14. In this circuit diagonally o[^osite transistors Qt-and Q4 or and Qi 
are simultaneously turned on. 

This transistor action causes the voltage imposed on the transfiumer pri- 
mary to swing between + V^, and - V^. Thus the transistors never see a 
collector off-voltage of more than V^. Also the current through Aem is half 
of an equivalent half-bridge circuit. 

A drawback' of this topoktgy is the necessity of using four transistors, and 

since diagonally opposite tn<n<ii<itnr< arp nn a» ri.A eama H«na, ImlataJ Iibm. 

drives for each transistor must be used. 

Assuming a converter efficiency of 80 percent and a 0.8 duty cycle, then 
the transistor working current is 

. L6P-. ._ . 
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FIGURE 3-14 The rull-bridge converter dreuit 



All other properties of this converter remain the same as for the halfjbridge 
converter, aiuLall the formulas developed for the calculation of other ele- 
ments may be used here as well 

■ -^ 

3-« A NEW ZERO OUTPUT RIPPLE CONVERTER 

All the circuit topofogies discussed in the previous sections produce an oubut 
currentwhidi hasacertain amount of ripple. In recentyears, anewconvmer 
topology has emerged called the Cuk converter, named after its inventor. 
Dr. S. Cuk, which with appropriate transformer design can have an output 
ripple of zero. 

The basic nonisolated converter is shown in Fig. 3-15. Operation of the 
ciicuit-ris-as-follows. When-trannster-^r-is^-diede-Di^s-swttehed-eitr 
diarging capacitor Ci by the input current /], During the interval when Q, 
switches on, Di turns cS, grounding the-positive terminal aS capacitor Ci- 
Thus a current It flows through Lt, producing a negative output voltage at 
the load. 

Since this converter has the properties of a combined buck-boost topology, 
and since the energy transfer is capacitive, the input and output currents 
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are very clo^to^true dc quantities having negligible switching ripple. But 
"negligible s^hing ripple" does not actually mean "no ripple," which is 
the ulainat^^^f this topology. Fortunately, the zero output ripple to- 
potogy may bsMieved by maldng the following observations. In order for 
tfie average dcioltage across each Inductor to be zero, Ihe two waveforms 
must be equal Sd identical. But in order to achieve this the two inductors 
must share the^same core and they must have the same number of turns. 
Figure 3^l6'ig6ws the implementation of this idea. 

Since th^Kw coupled inductors now form a transformer, the effective 
inductance oif"eadi winding is altered by the alternating inductive energy 
transfer. If we were to set a turns ratio of 1: 1. both inductances would 
double, thus reducing the input and output ripple to half those of the un- 
coupled converter. This is indeed a very important observation, since if we 
altered the turns raUo to the point where the primary-to-secondary turns 
ratio matches the inductive coupling coefficient of the transformer, the output 
current ripple could be completely eliminated, as shown in Fig. 3-16. 

Althou^ this is a very useful circuit, its applications are limited to designs 
where no input-to-output isolation ls-tectuiEed,-For-use.o£thisj»nMrterJn 
an off-the-line configuration, isolation of input and output is a must. Tbe 
following discussion shows how isolation may be achieved in the Cuk con- 
verter, and the three basic steps in achieving this are shown in Fig. 3-17. 

the first step Is to split the coupling capacitance Ci into two series ca- 
pacitors and Cb. as shown in Fig. 3-17o. Since the average dc voltage at 
the connection point of die two capacitors is indeterminate and floating, it 
may be forced to z«o by placing inductor L belweei this point and ground. 
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as shovra in Fig. 3-17b. If we make this inductance very large, the current 
it diverts from the two series capacitors is negligible and therefore the 
operation of the converter remains unaffected. 

Now by changing inductor L into an isolation transformer, the desired 
dc isoIatl(») has been achieved, The basic isolated version of the Cuk con- 
verter is shown In Fig. 3- 17c. As we mentioned, the isolated version of the 
Cuk converter .retains all the properties of the nonisolated converts, and 
therefore, (he zero rlppk extension majr be used siKoessfully in this case 
aba _ 

Figure 3-18 show ttje coupled inductor zero output ripple dc isolated 
Cuk converter and its wavefiwms. Notice that in this circuit the transfer 
capacitors and Cj have been inserted in the other side of their respective 
transformer windings. Hiis change does not sfect the operation of the «m- 

verter. 

Although coupling the input and output inductors reduces the output 
ripple, it also introduces an undesirable side e&ct, that is, an output polarity 
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FIGURE 3-18 Coupled inductor zero ripple dc isolated Cuk converter. Diode D, << 
the output clamp diode, holding the output to a diode drop due to polarity reversal at 
startHip. > 



reversal at start-up. Although the reverse polarity pulse is of short duratioir, 
it may prove fatal to sensitive electronic loads. The addition of a clamp diode 
Dj, as shown in Fig. 3-18, limits the transient pulse to a volt or less, thus 
protecting sensitive loads. 

At the writing of this book, the Cuk converter and its associated appli- 
cations are protected by a series of patents, and its use in commercial or 
other designs may require a license agreement with its inventor. 

3-7 THE BLOCKINa OSCIUATOR OR BINGING CHOKE CONVERTER 

The fixed frequency pulse-width modulated (PWM) power supply design 
has been exclusively used in modem designs, mainly due to the availability 
of PWM Dontrol circuits. On the other hand, for many low-power (approx- 
imately 10 ta 50 W), inexpensive power supplies, the variable frequency 
blocking oscillator converter circuit has been successfully implemented in 
many designs. Figure 3-19 depicts a practical realization of a low-power 
variable frequency blocking oscillator circuit, with ite associated waveforms. 
Operation of the circuit is as follow. 
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At initial power-up transistor Qi receives a certain amount of base current 
through resistor R|, causing the transistor to saturate. Consequently, a peak 
current In> flows in the primary winding of transformer Ti equal to 

I„-Zc-7^(-5-.T) = ^*," ■ ->38) 

v^ie (S,mT) is the nuHimuin transistor on time 
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At the same time, flux is building up on winding N3 developing a voltage 
potential Vj. Therefore base current to keep the transistor in saturation Is 
now supplied through resistor Rf The magnitude of the base current is 

Since in a transistor the collector current is a function of the base current 
and the transistor gain, that is, Ic = filt, then the transformer primary 
current will increase up to the pcdnt where the above product reaches max- 
imum. Beyond this threshold the base circuit cannot sustain any more col- 
lector current increase, resulting in transistor Qt cutof and a transfer of 
power from the transformer primary to the secondary and consequendy after 
rectification by Dj to the load. 

The transistor used in this circuit must be so chosen as to have a minimum 
collector-to-base (Vno) rating given by 

Vc-Vfc.S'^^V^. + aealage spikes) i340^ 

For off-theJfaie power supplies, transistors with Vcao % 800 V are commonly 
used. 

Since the operating, frequency of this type of converter is variable, care 
must be taken to design the circuit so that its lowest operating frequency 
does not drop below 20 kHz, so that the power supply does not become 
audible. Remember that the fiequency of operation is higher at light kuds 
and lower at (iill load. , 



3-7-1 The Blocking Oscillator Transformer 

Since this topology is basically a flyback converter, the transformer-choke 
has to be designed very car^lly. To calculate, the primary turns of the 
transfonher, a ftiU-load frequency of operatkm must be chosen by the de- 
signer. Then the transistor on time must be picked so that it will run at a 

preferred 50 percent duty cycle maximum. With these fectors established, 
the primary transformer inductance in microhenries is calculated as follows: 

L - ^ t„ (3-41) 

where y.. ^ ,is the minimnm Input voltage which the transistor will switch, 
t„ is die maximum transistor on time, and !„ is the peak primary 
current through the transistor. 

Once the transformer primary taiductance is calculated, the primary number 
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of turns is found bjr 



(3^ 



where A, is the efective area of the core and B„„ is the maximam gflowabk 
worldng flux density of dte core. 

In order to avoid core saturation, an air gap will be used. The length of the 
air gap in mfllimeters is given by 

0.8L 



1. 



(3-43) 



A practical way to ^yl"i1a«« the secondary windings number of turns is 
to determine first the transformer primary turns per volt ratioi 

r - (3-44) 

Since we chose W t^, then die secondary winding(s) number of turns 
will be 

W, - tiV. + VJ (3^ 

wh^ V, is the nominal secondary output voltage desired and V„ is the 
voltage drop encountered in the conductors and the output rectifier. 

The above calculations will result in a very good first-order approxiniation, 
and minor adjustments to produce exact results may be made by the designer 
during actual circuit implementation and testing. 



3.7-2 A MOSFET BlQcidng Oscillator Converter 

A practical impleih^tlon of a MOSFETbloddng oscinatnr converter using 

a single Motorola (or equivalent) power TMOS transistor is shown in Fig. 
3-20. This design may well be used for off-the-line switching power supplies, 
and its regulation is good enough for many applications. 

The operation of the circuit is as follows. At power turn-on, in phase 
transformer windings N, and-JVi will causrtfae-C!rcniMoH)seillater Oscillations 
start when capacitor C| is cha^ through a large resistor H, connected to 
the supply rail. Resistor R, is used to Mmlt Qt coDector current The on time 
of the oscillation cycle is terminated by transistor which senses the ramped 
source current of (?,. Capacitor C, is therefore charged on alternate half 
cycles by transistor Qi and forward biased zener Zj. 

Regulation is provided by taking the rectifier output of sense winding 
and mlvtag it Bi*a bfai'lioUe bile of Qi via zener diode Z,. The collector 
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FIGURE 3-20 Practical iiapleinenUlian of a Ucddng osciUator converter luing a power 
MOSFET. (CowtHy MotonU Stmlconekitlor Producti, Inct) ^. 



of Qi modulates the gate of Qi, shortening or length( 
keeping-the output vdtage constant. 



lening its on time, thus 



3-8 THE SHEPPARD-TAYLOR CONVERnR 

The following new converter topology, like the Cuk converter, has the very 
desirable features of nonpulsating currents in both input and output-ports, 
thus significantly reducing both conducted and radiated noise. The circuit 
is best suited for high operating frequency ^plications' and therefore the 
use of MOSFETs is inherent The new topology is a boost converter ca^i^ded 
with a buck converter, and it may woHc in off-the-line applicatlons'^from 
unfiltered dc inputs. The input reservoir capacitor is no longer needed, at 
the expense of a total lack of output hold-up time. Its inventors David 
Sheppard.and Brian Taylor claim no-patent restrictions for the converter, 
and it is therefore free for unrestricted use. It is the belief of the author of- 
this book that the converter has many merits and features, many yet unex- 
plored, and it is especially suited in today's high-frequency qifdications 
(above 100 kHz). Holders, power supply designers, and students involved 
in converter research are therefore encouraged to explore this topology for 
better understanding and optimum usage. The name "Sheppard-Taylor con- 
verter" has been arbEtiitily coined by this author. 
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3-8-1 Circuit Analysis of the Sheppard-Taylor Converter 

The basic circuit schematic of the Sheppard-Taylor converter is prwented 
In Fig. 3-21, to Its nonlsolaled version. Operation of the circuit is as follows. 
Assume that MOSFETs Q, and are of . Tlien an input current wi 
flow through L„ D„ C, and Dj to the negative rail. Hils current flow will 
charge the nonpolarized type capacitor C, so that the plate connected to the 
cathode of Di is at an initial potenHal of approximately V^,, while the opposite 
plate is clamped by to the negative rail. No current is flowing to the 
ou^mt of the converter due to Dj. Note that as C continues to charge, the 
current in L, diminishes linearly. When Qi and <?j are switched on, diodes 
D, and Di will be reverse-btased, prohibiting any further current flow froni 
the input terminals. At that instant, capacitor C Is in essence connected 
across the output terminals of the converter, and because of its charged 
polarity, Da will be forward-biased, allowing output current to flow through 
L|. Qi. C. and Qi. . , , 

By inspection we can see that the voltage across L, is proportional to the 
sum of V,. and Vc, the voltage across capacitor C when Qi and Qt are ot. 
The moment and are switched on, the diminishing cuirent in i.i 
changes and begins to ramp up, storing new energy in the inductor L,. 
During the next cycle when Q: and are once again turned off, capacitor 
C will start charging, from the energy stored in L,, through diodes D, and 
Di. In attempting to balance its volt-second products, Li will cause C to 
diange to some new volUge, which is inversely proportional to the con- 
duction duty cycle of <?i and Meanwhile D, is.again«verse-bSmed, and 
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output current is now sustained through the free-wheel diode D4. In order 
to derive certain equations to facilitate components rating and selection and 
relate input/ output parameters, the circuits of Fig. 3-22 will be used. 

From Fig. 3-22^ Qi and are on during period ^, and of during period 
ti. The duty cyde ^ jte ' 



t„ + ti 

As previously mentioned, the average value of die voltage across Inductor 
L| will be the sum of V,, and Vc- 

From Fig. 3-22a then, applying KirchhoFs voltage law, during period t,, 

V:, = - (-Vc) 

or 

Vl, = V^ + V. (3^7) 



and 

^ - y^Ji^ (3-48) 



Similarly, during the same period the average value of the voltage across Lt 
will be 

- Vc - V^. (3-49) 

and 

J- 

At V — V 

«out _ Is Vjgj ^2.50) 

dtp Lj 

From Fig. 3-22c. let /bp and be the peak-to-peak values of and 
/m> respectively, during the on period \. llien by integrating Eqs. 3-48 
and 3-49, we get 



- ^'^ (3-51) 



and 



I».p - 'i'^^- ^ ^""^ (3-52) 

During the off period t^, assuming the peak-to-peak values of and /„, to 
be and f„, respectively, we can show that 
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FIGURE 3-22 Cireuit analysis of-lhe Sheppard-Taylor coBWcrter. (a) Current 
paths when MOSFETi «« on, (6) current paths when MOSFEIk are and 
(e) «s«ocM*d Ht^CBrra* wawCinu dwfaig Ihe on ud tff pni^ 
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and ' 

• V *« 

If we assume that during the on period fp, the input voltage V,„, and 
output load A of the converter remain constant, then the charge extracted 
from C during this period will be proportional to the "droop" in voltage 
across C. This droop in voltage may be written as AV,, and the charge 
equation wiD be 

(AVJC - /.t, (3^ 

where /c - /i, + I^^ 
It can also be shown that 

^.-1^ . 

Tlieiefinre [ 

(AV.)C = *f^^J* (3^ 

Equally, if we assume during the off period tj, that V,„ and R remain constant, 
then the voltage ramp across C can be regarded as having the same mag- 
nitude as the drop in voltage and can therefore be regarded also as AV^. 
Wsaee, '* , 

(4VJC-I. (?-58) 

and 

Since we assumed that V,. and R remain oonitait during botK i, and It 
follows that the volt-second products acr^Li ore equal Therefore, equating 

Eqs. 3-51 and 3-53, we get 

- - ■ • +-V3-- --\g tr-eo) 

V. = -^ (3-61) 



where ^ is the duty cycle defined as 



V 



so HIGH^REQUENCY SMTCHINe POWER SUmJES 



Similarly, Eqs. 3-52 and 3-54 can be equated to give the classic buck regulator 
output voltage relationship: 

V„, - Ve^ (3-62) 

or I 

The above equation shows an unusual and unique characteristic of the new 
converter, that is, the output voltage approaches infinity as the duty cycle 
approaches 50 percent! This characteristic gives the converter some ex- 
tremely interesting and unique features, the most important being the ability 
<rfthe converter to hold output regulation with very low input voltage values, 
as shown by Eq. 3-63. 

The discussion so far has centered around the nonisolated version of Ae 
converter. An isolated version of the converter may easily be implemented 
as shovm in Fig. 3-23. In the isolated version, D3 is replaced by a pair of 
tectifiers Dj* and Djb, and an isolation high-frequency transformer is in- 
serted between this pair of rectifiers. 

Let the turns ratio of the tnnsformer be N, where N - NpIN,. Then 
Eqs. 3-52, 3-57. and 3-63 should be modified to read, reflectively, 

NL, 

iJ^VC-^^^^''^^^^ (3-65) 




nCVBEMS. UoliltdwniRBaf dieSlMHnid-liqilarsoiMrter. 
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and 

^- " W=l5) 
3-8-2 Focrturet of the Sheppard-Toylor Converter 

As previously mentioned, this converter is ideal for high-frequency appli- 
cations (above 100 kHz). At these frequencies MOSFETs are highly rec- 
ammended. Even if 'bipoiars were to be considered, examination of Eq. 
3-61 shows dearly that during an overcurrent condition, the conduction time 
of the power switches is small; therefore, the inherent storage times of 
bipoiars do not provide a control range broad enough to be usable. At higher 
frequencies the value of the switching capacitor C is also minimized, a 
desirable effect in reducing both size and weight and also making the value 
of C practical. We mentioned before that this converter also holds output 
regulation within awide inp'rt tH^I^ rynga Tlii« i« a wiy HMirahIg feature 
particularly for off-the-line switching power supplies enablfaig the converter 
to operate worldwide without modification of the input circuitry. Although 
the converter may, for off-the-line applications, operate from unfiltered dc 
inputs, the absence of the input reservoir capacitor may not be desired if a 
minimum output holdup time is required. A reservoir capacitor can be used 
to increase hold-up time, and for a given value of cs^wdtance, the OfOpai 
hold-up time will increase by a £>ctor of 2 over convra^ouJ-topologies. 

Since the input and output currents of the converter are nonpulsaGng as 
shown in Fig. 3-22c, ac line or dc output filtering to meet local, national< 
or international noise requirements, such as FCC or VDE, is greatly sim- 
plified, or unnecessary. 

Snubben across the MOSFETs and the power transformer are not nec- 
essary using this topology, greatly reducing component count and improvtaig 
efficiency. 

Also, perfect synchronization of switching Qi and Q2 on and of is not 
essential. Lack of synchronization does not lead to malfiinction or to Mure 
of any device or component. . _ . 

M- iwiMMMJIIieY HESONANT CONVEmM 

High-fl-equency resonant converters, whether parallel or series, have be- 
come increasingly popular among power supply designers, especially at fre- 
quencies above 100 kHz, because they offer small size, good reliability, and 
reduced EMI/RFL Recent advances and price reductions in both control 
ICs and power MOSFETs have made resonant sine wave oonv«ters even 
more popular. Series resonant topologies ate being widely used because of 
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their tolerance to switching transistor transition times and reverse recovery 
times and their ease of operation. Some of the advantages of the resonant 
sine wave converter, compared to other conventional topologies, follow: 
With this converter, there is higher overall efficiency at a given power level, 
mainly due to the absence of switdiing losses at the power switch and the 
rectiiien. Lower losses in turn mean snutUer heat sinio, hence reduction in 
size and weight of the overall package. Because the voltage is switched when 
the drain current of the MOSFET switching transistors is zero, operation 
at higher frequencies is possible, resulting in smaller magnetic elements and 
filter components. Since the currents in the series resonant converter are 
sinusoidal in nature, the absence of high dildt current changes, associated 
with square w»ve converters, means low kveb of EMI/RFI emissions. In 
the following paragraphs, a series resonant converter will be discussed, and 
the basic design parameters will be given. 



3>9-1 The Basic Sine Wave Series Resonant Converter 

A series resonant power stage and Its assodtted waveforms Is shown In Fig. 

3-24. Operation <^the circuit is as follows. 

Assume that MOSFETs Qi and are off and that capacitor Cr Is com- 
pletely discharged. Drive pulse ti is applied at the gate of Q i, turning it on. 
Current ig, is thus flowing throughnresonant inductor Lg, the primary winding 
of tran^rmer Ti, and the resonant capacitor Cg. Since the voltage across 
the transformer primaiy is fo^ed by its turns ratio N and the output voltage, 
and because the resonant current ig, is controlled by the series resonant 
network LrCh, it increases in a sinusoidal manner starting from zero, charg- 
ing resonant capacitor Cg and delivering energy through transformer to 
the load. When the peak of the sine wave current is reached, capacitor Cr 
is clamped by diode Di to the positive rail. At that point the voltage across 
inductor Lp ceases to increase, and its eneigy is released through r2 to the- 
load causing the current ig^ todecrease toward z^ro. Ttana^orQj remains 
on until the currenfinthe resonant netwoilt reaves seiD, aFwEich point 
Qi is turned on and the above cycle repeats itself but in the opposite di- 
rection, since the energy is now drawn fit)m the previouslychargedTesonant 
capacitor Cg . Thus the composite resonant sinusoidal current ig is developed, 
as shown in Fig. 3-24, which produces a proportional sinusoidal primary 
voltage. The output of the center-tapped transformer secondary voltage is 
then rectified and filtered by capadtorCat to produce the dc output voltage 

Note that the leakage inductance of the transformer Is in series with the 
resonant inductor, and it should be taken into account vfhea designing the 
powa> stage. 
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FIGURE 3-24 A bigh-frequcncy lioe w»ve Mrkt raMoant converter aod Ms 



3-9-2 Transistor Selection m Series Resonant Converter 

H»e maximum current In a series resonant converter occurs at high input 
line. Since this current also flows through the switching transistors, MOS- 
FETS and ^2 must be selected to handle a mininrum current of 



\ 'la.niin / 

where /|m is the peak current at low line, given by 
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and IfH is the transformer primary current given by 

/pH = 1^ (3-68) 

The blocking voltage of the switching transistors used must have a value 
greater than the maximum supply voltage V^^. 



3-9-3 Pow«r TransfomiOT D«^n 

The design of the power transformer in the series resonant converter follows 
classical design procedures. A starting point, however, is to determine the 
primary to secondary turns ratio given by 




(3-70) 



3-9-4 Design of the Series Resonant Networic LgG, 

The characteristic impedance of the series resonant network as a function 
of input voltage and output power is given by the fidlowing equation: 

where is die efficiency of the converter. 
Then the resonant capacitor is 

where /is the frequency itf operation oS the converter. 
Hie resonant inductor is 



3-9-5 Design of the Resonant inductor 

First calculate the maximum circuit energy storage, using Eq. 3-74: 

(3-74) 
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Calculate the energy storage capability of the core given by 

HI. - b7 (3-75) 

where B is the chosen core operating flux density in gauss. (A good starting 
point is B = Bai/2, and A, is the core effective area in square cen- 
timeters.) 

Since 

HI, = NI^ (3-76) 
solving for N, we get the required resonant inductor number of turns. 

N = (3-77) 

In order to prevent inductor core saturation, an air gap must be introduced 
in the magnetic path. The value of the air gap is given by 

where is the permeability of the cliosen core. Hie gsf) loigth Is expressed 
in millimeters. 



EXAMPLE 3-3 

Calculate the series resonant network L^Cn of a 200-W Converter operatinl 
at 200 IcHz. Assume an efficiency of 80 percent and an input voltage range 
of 90 to 130 Vac. 



SOLUTION 

Solving for minimum and maximum dc input voltage, 
V,„,„,„ = 1.4 X 90 = 126 V dc 
V,„.„,„ = 1.4 X 130 = 182 V dc 

Since the output power is given as = 200 W and efficiency ij ^ 0.8, 

then P|„ = 200/0.8 = 250 W. 

Average primary current hom Eq. 3-69 is 

2?,. 2(250) , . 
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Therefore 



and 



Hence the MOSFETs selected must handle a mintmum of 11<86 A of drain 
current 

From Eq. 3.71 we get 

2^ _1VI^ 0.8(126)» 
^ aiP« 6.28(250) 



Hence 



and 



^" " 2w/Z,^ 6.28(200 x 10»){8.09) * 



^ 8-09 
^ ' 2«/ ' 6.28(200 X 10^ " 

Since the maximum energy storage in the inductor occurs at high line, die 
masdmun) circuit energy stoiage required is calculated from Eq. 3-74, 

- ll^Iiu = ^(6.44 X 10-«K11.86)» - 453/*] 

From Eq. 3-75, and using a ferrite core at 1550 G having an A, - 0.9, 

2W^10' 2(453)10-no» 

BA. ~ 1500(0.9) "^^^^ 

Using Eq. 3-77, the required resonant inductor turns may be calculated as 
follows: 

The inductor giQ) required, using Eq. 3-78, is 

1 ^^n... _ 67 

^« " (B/^) - lo.i5/(4K)io-'] " o-sei""" 
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Since the series resonant converter is operational at high frequencies, 
extra care must be exercised in selecting components. Litz wire is recom- 
mended for the inductor and power transformer to minimize skin effects. 
Capacitors must be selected for bw ESR and ESL and good ripple current 
ratings. Polypropylene-type ciqpacitors are a good choice at these frequen- 
cies. 

On the other hand, the output rectifier diodes need not be extremely 
&st, compared to other converter topologies, due to low diJdt during diode 
tum-ofil inherent in the resonant converter topologies. 



3-10 CURRENT-MODE REGUUTED CONVERTERS 

The current-mode regulated converter differs significantly from conventional 
PWM converters. Current-mode converters use an inner loop to directly 

control peak inductor current with the error signal, rather than controlling 
duty ratio of the pulse-width modulator. Figure 3-25 shows the block diagram 
of a fixed frequency current-mode forward converter. 

As shown, the error amplifier compares the output to a fixed reference 
voltage, and the resulting error signal is controlling peak switch current, 
which is proportional to the average output inductor current. 

There are several inherent advantages to the current-mode control con- 
verter vAsn compared to the conventional PWM converter. These advan- 
tages are as Mows: 

L Automatic feed-forward improves line regulation. 

2. Automatic symmetry correction, due-to peak current sensing, makes this 
scheme suitable to push-pull converters, without the need for complex 
balance schemes. 

3. Automatic current-limiting control, due to die sampling technique used. 

4. Simple loop compensation. 

5. -lmproved transient response 

6. Outputs of more than one converter may be easily paralleled wdiile main- 
taining equal current sharing. 

Of course, there are also certain limitations to dlis scheme, die most 

important being the following: 



1. Loop instability above 50 percent duty cycle. 
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FIGURE 3-25 A current-mode forward converter and its associated wavefarms. 



2. Less than ideal loop response, caused by peak Instead of average inductor 
current sensing. 

3. Tendency toward subharmonic oscillation. 

4. Noise sensitivity, particularly at very small inductor ripple current. 

However, with careful design the above problems may be reduced or 
eliminated, making the use of the "current-mode control technique a useful 
and attractive alternative for high-frequency switdiing po\wer supply design. 

Unitrode Corporation is marketing the UC1846 and UC1847 femilies of 
current-mode PWM-integrated controllers, which offer all the necessary 
functions to design high-performance,' low-cost power supplies, at working 



frequencies up to 500 kHz. Chapter 7 describes the UC1846 current-mode 

control IC. 

Two other Unitrode IC controller families — the UC1823 and UC1825 — 
may be configured either in a voltage or current-mode topology, with op- 
erating frequencies up to 2 MHz. reader is referred to Unitrode Cor- 
poration's "Linear Integrated Circuits Databook" for specification details and 
appliCition information for these versatile PWM-integrated circuits. 

3-11 TM WARD OONVIBliB 

The Ward converter is a new dc-dc converter, and the description which 
follows is the first to appear in any literature ever. The converter was in- 
vented by Dr. Michael Vlahos Ward, president of Combustion Electromag- 
netics, Inc. , Arlington, Massachusetts, and a patent is pending on the circuit. 
Although basic research has been completed by the inventor and a practical 
working prototype for a specific application has been developed, this con- 
verter may have many desirable features still unexplored. It is the belief of 
the author that this converter has many merits and that it is well suited for 
high-frequency operation. The fundamental reason that it is suitable for high- 
frequency operation is that the converter is a member of the family of the 
so-called zero-current-switching converters. This means that its single con- 
trolled switch is turned on at zero current and is turned off when the current 
in it (or in an external antiparallel diode) flows in the reverse direction. In 
the Ward converter, as in any other zero-current-switching converter, the 
switching losses are very small, and the circuit can probably operate effi- 
ciently up to several megahertz. Further understanding and research on thfi 
topology are therefore encouraged. Figure 3-26 shows the converter and its 
associated waveforms. 

The converter operates by storing the input energy sequentially, first 
inductively and then capacitively; inductively the time that energy is being 
delivered to the output circuit, and capacitively for the remaining period. 
With reference to Fig. 3-26, when the MOSFET transistor switch Q is closed, 
energy storage inductor Lj begins to build up current Zi. At the same time 
capadtor Ci, wfaldi was foliy charged under steady-state conditions, dis- 
charges its energy to produce the first half-sinusoidal input current Ii, and 
by transformer action this current is transferred to the output, and through 
rectifier Dj it charges the output capacitor C„„,. When switch Q is opened, 
inductive current Ii is steered to capacitor Cy to charge up the capacitor, in 
preparation for the next cycle when most of the energy Is delivered to the 
output capacitor. In this second period, capacitor Ci completes the second 
half of its discharge cycle with the current ij, flowing through diode D^ across 
the MOSFET switch, which is then followed by a period when diode Dt is 
back biased and voltage recovers as shown in the last waveform. 
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FIGUItE3-26 TheMtedomverteraiidlts 



Inspection of the waveforms shows that during the energy storage phase 
when Q is on, a negative charge is placed on the output capacitor C^, which 
must be dealt widi. The proper handling of this "wrong polarity" charge was 
the key to the final success of this converter. A precise phasing relationship 
was determined so that during the energy transfer phase, this negative charge 
is fed back into the input circuit so as to transfer its charge to capadtor Cj 
while simultaneously helping define zero (negative) current at the instant 
the switch Q is opened. In this way, even under conditions where all the 
energy on C, is transferred to output capacitor and almost no reverse 
current la exists to cancel current /,, primary current /i, which is the trans- 
formed secondary current li, will guarantee zero current crossing during 
MOSFET transistor tum-off. 



3-11-1 Circuit Anqlysis of the Ward Converter 

There are some simple relationships which define the circuit parameters 

making up the Ward converter. 

The relationship between the input capacitor C, and output capacitor 
is somewhat arbitrary and is determined by the requirements oPthe system 
and is related to the transformer turns ratio N as follows: 



(3-79) 



Tlie parameter X typically represents the number of cycles of operation of 

the converter required to fully charge C^,. Clearly, the larger / is, the 
higher the frequency of operation of the converter and the less sensitive the 
converter is to a shorted output. 

If an ou^ut voltage V,,, is required, then the ideal turns ratio of the 
transformer %i]l be 



N = 



V, 



(3.80) 



where Vj is the voltage to which the energy storage capacitor C, is charged 
at the end of the charge cycle (at time tj), and whose amplitude is 
given by 

-1 



1 + 



(3-81) 



where 7^, is the maximum charging current through inductor £i| at the instant 
MOSFET Q is turned off, given by 



h, - 'dc + Via 



(3-82) 
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where I* is the dc current which exists as a consequence of setting the time 
period h short of the value needed to just fully charge capacitor C,. 

Thus the time period t, is set to be slightly longer that the half cycl© 
energy discharge time ^ given by 

t, '~ ny/L^fil (3^3) 
where is the primaiy leakage inductance ^' en by 

!>. - 1,(1 - Jt*) (3-84) 
The term /„ in Eq. 3-81 is the maximum current which would flow in the 
series circuit made of V,., L„ and C, and the primary of the translbrmer 
when the cin;uit is connected with zero initial current in Li and zero initial 
voltage on Ci, that is, 

and 




(3-86) 



for LJLi is much less than 1. 



3-11-2 Design Procedure for tlie Ward Converter 

In order to design a particular converter, one speciHes the desired output 
power Po* defined ideally by 

p , . (3-87) 

" n 

where f] is the converter efficiency and / is the operating frequency. 

Select Ci and Vi, choose the operating frequency (i.e., define the switch- 
ing period T) and the t,, which initially is assumed at one-half of T. A first 
approximation of the transformer parameters may be obtained using Eq. 
3-80 and referring to Chap. 5. 

Typicdly, V, will be in the range of two to six times V,,, so aqjustmente 
in the design may be necessary to bring it to the desired level of operatton. 

A critical fector in the successfiil operation of the Ward converter is the 
placement and precise selecUon of the capacitor Cj across the output of the 
transformer. Cj is given by the equation 

C. = ^ (3-88) 



where O.S^/i&l but closer to 0.5. 



Another parameter depending on /< is defined as v and is given by 

1 + ^ 

which is required fi)r defining the converter cycle period T. Ihis expression 
then determines a value for Li and helps complete the specification of the 
converter. 

The half-cycle period is ^n by 

and 

U = taV^ (3-90) 

which is chosen to be slightly greater than one-half ta, which is the correct 
choice as can be seen by inspection of the waveforms of Fig. 3-26. For 
example, we can take £| - 0.6^ v - 0.36, and /i - 0.56. 



3-11-3 Features of the Ward Converter 

The Ward converter was developed to satisfy a certain application need, 

which conventional topologies could not satisfy. The converfer was used in 
a boost configuration, and the theoretically predicted waveforms presented 
here were reproduced by actual practical measurements. 

Inherently, the converter has the feature of sustaining a shorted output 
without additional protection, maldng the converter useful in situations 
where capacitive loads are present. The converter also does its switching^t 
zero current and therefore produces very little EMI and requires no snubber 
networks. The practical operating e&iency of ^is converter is also high, in 
the order of 85 to 90 percent Anotiwr desirable feature of the converter is 
its ability to operate over a wide input voltage range. 

As mentioned, this converter topology has not been fully analyzed; there- 
fore, its potential usefiilness has not been fiilly uncovered. Several practical 
aspects of the converter require fiirther investigation, e.g., control-to-output 
transfer function, dynamic behavior, device stresses, and start-up transient. 
The inventor and this author believe that this is an intriguing topology, 
which brings new ideas and opens new horizons for further research by 
individuals who are dedicated to the power-conversion field. Such efforts 
are encouraged, and the reader may wish to obtain a copy of the patent or 
contact the inventor for a more detailed description. This author wishes to 
thank Dr. Michael Ward for his contribution. 
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THE POWER TRANSISTOR 
IN CONVERTER DESIGN 



4-0 INTRODUenOH 

In the block diagram of Fig. 1-1, depicting an off-the-line sviitching power 
supply, we show the block where conversion takes place containing what 
we called the switching element. Various types of switching elements, such 
as the transistor, the SCR, and the GTO, have been used by power siq^t^ 
designers over the years. By &r the most popular and most often used 
element has been the bipolar transistor and in recent years its MGSFET 
counterpart. In this ch^ter we will discuss both types of transistors and the 
GTO; their chairacteristics, and their use in s«4tdl-mod(r.power supplies. 



4-1 mANtUffOR SEtECnON 

Hie basic design parameters of a transistor to be used in an off-the-line 
converter are Erst its voltage blocking capability at turn-off and second its 
current carrying capacity at turn-on. Both these parameters are determined 

by the type of converter in which the transistor will be used. In Chap. 3 
we described design equations and criteria for selecting the appropriate 
devices. 

Another important decision whidi the designer has to face is whether to 
use bipolar transistors or MOSFETs in the design. Each of these transistors 

offers distinct advantages over the other, the bipolar being less expensive 
at present, while the MOSFET offers circuit simplicity because of simpler 
drive circuits. 

It is important to note also thatthe bipolar transistor has a limited working 
frequency cutoC which is around 50 kHz, while the MOSFET may be used 
in switching frequencies up to 200 kHz. Of course hi^r freqiiendes mean 

«5 
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smaller component size and therefore more compact power supplies, a (act 
which seems to be the trend in today's power supply designs. 

4-2 THE BIPOIAR PQWER TRANSISTOR USED AS A SWIGH 

The bipolar transistor i; essentially a current-driven device; that is, by in- 
jecting a current into the base terminal a flow of current is produced in the 
collector. The amount of collector current flow is dependent upon the gain 
(beta) of the transistor, and the following relation holds true: 

j!f = 7^ (4-1) 

vAnBK Ic is the collector current (in amperes) and Ig is the base current (fai 
amperes). 

There are essentially two modes of operation in a bipolar transistor: the 
linear and saturating modes. The Unear mode is used when amplification 
is needed, while the saturating mode is used to switeh the tiansistor either 
on or oC 
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FIGURE 4-1 TVpical oulpiit duunctarisdet md lyipbolf of the Upolar 
tmuistor. , 
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Figure 4-1 shows the V-I characteristic of a typical bipolar transistor. 
Close examfaiation of these curves shows that the saturation region of the 

V-/ curve is of interest when the transistor is used in a switching mode. At 
that region a certain base current can switch the transistor on, allowing a 
large amount of collector current to flow, vAdle the oollector-to-emltter 
voltage remains relatively small. 

In actual switching application a base drive current is needed to turn the 
transistor on, while a base current of reverse polarity is needed to switch 
the transistor back off. Since the transistor is a real-world element, it is iar 
ih>m ideal, and certain dehys and storage titiiies are associated with its 
operation. 

In die following section are some definitions ibr a discrete bipolar tran- 
sistor driven by a step function into a resistive load. 



4-3 SWITCH TIMES DEFINITIONS OF BIPOLAR 
TRANSISTORS (RESISTIVE LOAD) 

Figure 4-2 illustrates the base-to-emitter and collector-to-emitter wave forms 
of a b^Kilar NPN transistor driven into a resistive load by a base current 
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pulse Ig. The foDowing are die definitions associated with these waveforms; 

Delay Time, tj Delay time is defined as die interval of time from the 
application of the base drive current /g i to the point at which the collector- 
emitter voltage Vce,h<is dropped to 90 percent of its initial of value. 

t 

Rise Time, t. Rise ^me is defined as the interval of time it takes the 
collector-emitter voltage Vce to drop to 10 percent of its 90 percent off 

value. 

Storage Time, t,,^ Storage time is the interval of time from the moment 
reverse base drive Ib2 is applied to the point where the collector-emitter 
voltage Vce reached 10 percent of its final off value. 

Fall Time, tfy^ Fall time is the time interval required for the collector- 
emitter voltage to Increase from 10 to 90 percent of Its off value. 

4-4 INDUCTIVE LOAD SWITCHMO REUTIONSHIPS 

In the previous section, the definitions for the switching times of the bipolar 
transistor were made in terms of collector-emitter voltage. Since the load 

was defined to be a resistive one, the same definitions hold true for the 
collector current. However, when the transistor drives an inductive load, 
the collector voltage and current waveforms will differ. Since current through 
an inductor does not flow instantaneously with applied voltage, during turn- 
off, one expects to see dte collector-emitter voltage of a transistor rise to 
the supply voltage before the current begins to &11. Thus, two fall time 
components may be defined, one for the collector-emitter voltage t/y^, and 
the odier for the collector current t/j^. Figure 4-3 shows the actual wave- 
forms. 

Observing the waveforms we can define the collector-emitter fall time 
t/.v„ in the same manner as in the resistive case, while the collector fall time 
tfj^ may be defined as the interval in which collector current drops from 90 
to 10 percent of its initial value. Normally the load inductance L behaves 
as a current source, and therefore it charges the base-collector transition 
capacitance faster than the resistive load. Thus for the same base and collector 
currents the collector-emitter voltage &U time tfy„ is shorter'fbr-tfae induc- 
tive circuit. 

4-5 TKANSHIOR ANTISATURAHON eiRCUITS 

Figure 4-2 shows that the longest of the delay times is the storage time t^, 
and therefore the switching speed of the transistor would improve if this 
delay could be reduced. A combination of a large reverse base drive and 
antisaturatiott techniques may be used to reduce storage time to almost zero. 
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FIGURE 4-3 A bipolar switching transistor driving an inductive load, with the asso- 
daled bD Une duracterbifc wwdbmu. Note the current laggtag liie caUector^mitter 
vohagB. •' 

The generation of the reverse base current using certain base drive tech- 
niques is discussed in Sec. 4-6. Here we will discuss two techniques used 
to keep the switching transistor out of saturation and ultimately improve 
their switdiing speed by reducing storage time to almost zero. 

Figure 4-4a shows the use of antisatu ration diodes, often called Baker 
clamps, in conjunction with a switching transistor. By inspection of the 
circuit, we observe that when the transistor is on, its base is two diode drops 
below the input. Assuming-that diodes £?: and Dj have a forward-bias vottage 
of about 0.8 V, then the base will be 1,6 V below the input terminal. But 
because of diode the collector is one diode drop, or 0.8 V, below the 
input. Therefore, the transistor-collector will always be more positive than 
the base by 1.6 - 0.8 = 0.8 V, hence out of saturation. Since the transistor 
normally works at high frequencies, 20 kHz and above, the antisaturatlon 
diodes must be fast recovery types. Diodes Dj and Da may have low reverse 
blocking voltage ratings, but diode Dy must have a rating of at least 2Vcb- 
For an off-the-line power suf^ly, a rating of 800 V PIV is normally used. 
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FIGURE 4-4 (a) Antisaturation 
diodes (Baker clamps) preventing 
transistor Q, from saturating; ib) 
the use of a Dariington circuit to 
Imp Q, out of MtoraUan. 



Diode D4 is a "wrap-around" type, which is used to puH the reverse base 
current at transistor tum-uff, discharging the base^mitter capadtanoe and 
hence decreasing storage time. 

Figure 4-4i shows a Darlington connection, which works in basically the 

same manner as described previously, with transistor Qi preventing Q2 from 
hilly saturating. An important point here is that Qi must turn off before Q2 
can begin to turn off. Diode Di provides a low impedance path for the reverse 
base current of Q: during turn-off. Resistors H 1 and are low-ohm resistors 
and provide a leakage current path for and Qt. 
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Darlington circuits may be Implemented using discrete components, al- 
though monolithic Darlingtons are available firom a number of power tran- 
sistor manufacturers. 

4-6 BASE DRIVE CIRCUIT nCHNIQUES FOR BIPOUR TRANSISTORS 
4-6-1 Constant Drive Current Circuits 

In the previous paragraphs we examined the turn-on and turn-off limitations 
of the bipolar transistor when it is used as a power switch. It is now clear 
that in order to minimize the saturation losses, adequate forward base drive 
Zbi is required, while to minimize storage time and transistor switching 
losses, suflBcient reverse base drive /g, is needed. 

We should note here that while 1^2 is increased and the storage and M 
times decrease, the emitter-to-base reveise bias voltage is also increased. 
This means that the reverse-bias secondary breakdown energy, known as 
£sfl, is also decreased, and if care is not taken in designing the reverse drive 
circuit, the switching transistor may be destroyed by going into a secondary 
breakdown mode. In Sec. 4-7-2 we will discuss the significance of and 
the phenomenon of secondary bre^dcdown in bipolar translstprs. Here it is 
sufficient to say that for practical purposes the reveise base drive circuit 
must have a low source impedance; that is, it must provide high lat and low 
Veb- 

The manufacturer's data sheets normally provide information on the limits 
of the reverse emitter-to-base bias voltage. Practical design circuits use a 
Vej from —2 to -5 V. Higher reverse base voltage means a reduction^n 
storage time delay because, by allowing fewer carriers to be neutralized by 
recombination, it takes a shorter period of time to remove the stored charge. 

A popular base drive circuit used with a floating switching transistor is 
shown in Fig. 4-5 along with its waveforms. Operation of the circuit is as 
follows. When a positive secondary pulse Vj appears across the transformer, 
Ibrward base current drive Igi flows into the base ofQi, turning the transistor 
on. Resistor fii limits this current within a predetermined value. This value 
of base current is determined using a forced gain ratio, which in practical 
circuits is between 8 and 10. Since the collector current may be easily 
calculated from the output power and type of converter used, the base 
current may therefore be predetermined using Eq. 4-1. 

This positive drive pulse also charges capacitor C very rapidly. The charg- 
ing voltage across the capadtoE is 

Vc - Vs - Vbe - V„ (4-2) 
where Vj = amplitude of transformer secondary voltage 
= saturating base-emitter voltage of 
Va = fbrwaid-blas voltage of diode D 
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FIGVRE 4^ A bate drive circuit luing an isolation transformer 
driving the power twlich Qi on and off. Typical switching waveforms 
of vokage* and currents asiocUted with the power switch are also 



72 



WE POWER TRANSISTOR IN CONVERTER DESIGN 73 



If Mve assume V,e - Vo - 0.8 V, then Eq. 4-2 becomes 

Vc - V, - 1.6 (4-3) 

When the transfbnner primary goes to zero, the transformer secondary also 
goes to zero. Now capacitor C, which is hilly charged, will forward-bias the 
base of turning it on and consequently pulling the base of to the 
negative potential. 

With the capacitor now connected across the base-emitter junction of Qi, 
a large reverse base current Ij^i will develop. The magnitude of this current 
is determined by the capacitor and circuit resistances and the characteristics 

transistors Qi and Qi. 

Another base drive circuit technique which has proved very effective in 
off-the-line switching power supplies is shown in Fig. 4-6. This circuit has 
the distinct advantage of providing adequate Igj turn-off drive while using 
a minimum number of components. Circuit openttion is as follows. When 
transistor Qj is turned on, the base drive transformer primary is connected 
to the supply voltage Vqc, storing energy in the transformer and also inducing 
a primary voltage pulse V,]. This voltage pulse is transformer-coupled into 
the secondary. Since the transformer winding polarities are the same, a 
positive secondary voltage pulse is generated, turning transistor Qi on. 

The resistor is a base current limit resistor, designed to allow enough 
Ibi drive to force ^2 on, without overdriving and oversaturating it. Resistor 
Ri provides a leakage current path for the base-emitter junction of the switch, 
and it normally has a low dim value, between 50 and 100 H. 

When transistor is switched off, the energy stored in the transformer 
is returned to V^c by the tertiary winding and diode D^. Since the polarity 
of this winding is opposite to the primary winding, a voltage pulse of 
reverse polarity is induced, coupling that negathre pulse into the secondary 
and thus producing the desired reverse drive current flow. 

When designing the base drive transformer, the primary-to-secondary 
turns ratio must be chosen not to exceed the transistor published spec- 
ifications for and Vgt. Normally the primary and tertiary winding turns 
are the same. 

It should also be noted that the primary and tertiary windings must be 
tightly wound (i.e., bifilar) to avoid e.xcess voltage spikes due to leakage 
inductance. Tran$istor>@i must be chosen to withstand a collector turn-off 
voltage of at least 2Vcc. A jnodificatiOD^of the above circuit will make the 
transformer even simpler, while retaining the advantages described previ- 
ously. A practical implementation is shown in Fig. 4-7. 

If a positive pulse V, is applied to the primary winding of the base drive 
transformer, a secondary voltage pulse Vg is induced, turning transistor Q\ 
on. During the duration of the on pulse the forward drive charges ca- 
pacitor C M/ith the polarity shown In Fig. 4-7. Hie voltage across the c^acitor 
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FIGUBE 4-8 A trmsfonner-coupled base drive circuit, which uses the energy 
stDn4 in tntisfonner to senonte die reverse base drive through the tertiary 
'Wind big. 



is clamped to about 3 V. determined by the forward voltage drops of diodes 
Di, Dj, and Dj. Instead of diodes azenerof i«»propriate voltage rating could 
be used. When the primary voltage goes to zero, the transformer secondary 
voltage will also be zero. At this time the positive terminal of capacitor C 
is at the transistor Qi emitter potential. Thus the charged capacitor is now 
effectively connected across the base-emitter jimction of the switch, pro- 
ducing the necessary reverse base drive to turn the tmnsistor off and to 
reduce tts storage time. 
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nUUBE 4<7 k base dii*a eircuU using « simple isolation transformer to ' 
ggnente tbe transistor on pube. TteiHoff drive fi genaated by Ibe nefatlve 
chane of capacitor C. 



Because of the simplicity of this scheme it may also be used to drive 
direct-coupled power transistors, as shown in Fig. 4-8. An emitter-followep 
comprised of transistors Qi and Q2 alternately switches tiie base of Q3 to 
Vcc or ground, thus turning it on or off. When is on, transistor s%vitch 
^3 turns on, also charging capacitor C as shown. Zener diode Z, limits the 
charge on C (in practical circuits Vz ■ 4.3 V) and also provides a path for 
the forward base drive current /si> which is set by resistor R,. With transistor 
Qi off and Q2 on, the charged capacitor C is effectively connected to the 
base-emitter of Q3, causing reverse current Igz to flow because of the polarity 
of the capacitor. The value of Igj depends on the gain of Qa, the value and 
therefore the charge on capacitor C, and the circuit Impedances. 

4-6-2 A Proporflonal Base Drive Circuit 

All the base drive circuits described in the previous section provide a constant 
drive current to the transistor switch. Tliese-drcuits have the drawback that 

at low collector current, the transistor storage time may not be shortened 
sufficiently and effectively because of a change in transistor ji. 

Using the proportional base drive technique we can control the value of 
fi and in fact we can keep it constant for all collector currents. Therefore, 
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FIGURE 4-S A capacitor-coupled direct drive base cir- 
cuit. Forward and reverse base drive currents are gen- 
erated by the charged capacitor C. Zener Zi is used to 
damp the viritaee across the capadinr to a predeteimioed 
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in this type of drive, one expects shorter storage times, at low collector 
currents, than those achieved by the constant drive current techniques. 

Figure 4-9 shows a possible way of realizing a proportional base drive 
circuit. The circuit operates as follows. When transistor turns on, trans- 
former Ti is ia negative saturation and transistor ^2 is off. In the time interval 
v^ere is on, a current flows through winding Ni, limited by series resistor 
R, storing energy in the winding and also keeping Ti in saturation. When 
transistor turns off, the energy stored in Nj is transferred to winding N^, 
causing base current to flow in Q2, turning it on. With transistor ^2 on, 
collector current Ic flows, energizing transformer winding N^- Therefore all 
the dotted ends of transformer Ti become positive, pulling the core from 
negative to positive saturation. 

Since windings N2 and are now acting as a current transformer, tran- 
sistor ^2 stays on, forcing a constant (i at all collector current levels. ^2 turns 
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FIGCBE 4-9 A proportional Vaae dri*» drcuU «ilb ban 
current wavefonns ibcnm. 



current and collector 



off by turning Qi on, The foUomng equations may be used to calculate the 
transformer turns ratia Using a forced constant fi value for Qi we have 



During transformer operation the flux density at tat must be equal to the 
flux density at t^. 



(4-5) 
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and 

A* - 2B„„Ac (4-«) 
whei« is the maximum operating flux density in gauss, and Ac is the 

core aren (in square centimeters). 

From the fundamental magnetic equation we get 

Combining and equaUng Eqs. 4-6 and 4-7 we can write for transformer 
windings Mi and Hi at 50% duty cycle maximum 

N, = -^^ (4-8) 

w^iere Vas. is base emitter voltage of transistor Q^, and/is the converter 

operating frequency (in !<ilohertz). 

An expression of the turns ratio N1/N4 may ako be derived by dividing Eqs. 
4-8 and 4-9. 

= Ze£*s! (4-10) 



4-6-3 An Alternative Proportional Base Drive Circuit 

The circuit depicted in Fig. 4-10 is an alternative proporUonal base drive 
dicuit. The audior has used this circuit in real appUc^ons and has found 
it to perform very well, when carefiiUy designed. 

Operation of the circuit is as Follows: A positive control pulse at the base 
of transistor Qi turns it on. Because of the polarity of the base drive trans- 
former windings, transistor Q2 is off. At the same time magnetizing current 
li is building up in iV^, approaching a steady state. The final value of this 
current will be 

= ^ (4-11) 

When Qi turns off. Id ceases, and because of the Ti transformer windings 
polarity, energy is transferred to Qi base winding N», inducing a current h 
to flow, turning Qs on. 





FIGURE 4-10 Praporlioiial base drive circuit md its ac 
sociated wavebmis. 
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Hence, current U is now flowing through winding N^- This current flow 
causes a regenerative increase in base drive to Qt, since windings Nt and 

act as a current transformer, until Q2 is switched liilly on. The final value 
of le induces a proportional base current given by die equation 

'\ " ^"^^^^ 

and 

where Vj,j, is the ^2 turn-off base drive source voltage at maximum /(.. 

While transistor Q2 is on and Q^is off, capacitor C charges through resistor 
R to the supply voltage Vjj. When Qi turns on again, capacitor C applies 
its charge to vidnding N^, driving the voltage at the base of Qi sharply 
negative, thus providing the reverse base 'drlve turn-off cuifiSnt /iL '^iHly 
turning off transistor Qi- The energ>' whidi the (Spadtoir C has tO provide 
to turn off ^2 is given by the equation 

W = iC(V« - 1)2 (4-14) 

and 

C--^ (4-15) 

where tf is the published transistor fall time. 

Any remaining voltage on capacitor C helps to rebuild the magnetizing 
current Ij, thus repeating the cycle. 

Diode O is used to clamp any underdamped ringing that could cause the 
upper end of winding Nj to become negative. 

Figure 4-11 depicts an improved version of the previous circuit, which 
makes its use practical at high frequencies. In this circuit transistor, Qj 
and its associated components corapFomise a &st discharge drcuitfor capac- 
itor C. 

During the time period that Qi is on and Qi is off, current flowing through 
resistor R is multiplied by the gain /? of transistor Q3, which significantly 
reduces the charging time of capacitor C. Diode Dj is used to discharge the 
capacitor C when transistor Qi turns on. 

In this design it is desirable to set the operating point of the transformer 
near saturation, that is, B„,„ s B^. 

Turns ratios for the drive transiPormer were established by Eqs. 4-12 and 
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nCVRE 4-II An improved proportional base drive circuit. 

4-13. The drive transformer primary winding is given by the equation 

V,,(10*) 



N, = 



(4-16) 



where is the chosen core area fai square centimeters. 

After the turns ratios of the transformer are calculated, find the magnetic 
path length of the desired core using the equation 

where H is the coercive force corresponding to the chosen 6^, value of the 

core to be used. - 

If the actual /, of the selected core is smaller than the calculated magnetic 
path length, the core will be heavily saturated and will not store enough 
energy to provide the desired base drive currents. £ither use a larger core, 
or introduce a small gap I, using the equation 
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/ _ ^* ~ ^' (4-18) 

where ii = BIH the pemeablUty of the core. I, is the length of magnetic 
path of material, and t is the effective magnetic path length. 



4-6-4 ARflsaturallon aicutts Used In Base Drives 

In Sec 4-5 we discussed two methods used to keep the switcbiiig transistor 
of a power converter out of saturation, thus reducing the storage time to 
negligible values. These antisaturation circuits may be incorporated mto the 
base drive circuits presented in the preceding discussions with excellent 
results Figure 4-12 shows a typical application using Baker clamps m a basic 
base drive circuit. All other base drive circuits described thus far may also 
be easily adapted to this scheme. Of course, if the switching transistor is a 
Dariington, no antisaturation diodes arc needed, since the Darlington m- 
herently presents antisaturation features. 




FIGURE 4-U Bwe ari»* draift shown in Fig. 4-6, redrawn here to show 
imHiiftir^ti'y diodes {B<4er damftt). which reduce the storage time of transistor 
Q, by kcepinc it out cf situralion. 
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4.7 BIPOLAR TRANSISTOR SECONDARY 
BREAKDOWN CONSIDERATIONS 

4-7-1 Foiward-Blos Secondary Breakdown 

Thus far we have observed during our discussion of power convCTters that 
the switching transistor is subjected to great stress, during boA turn-on and 
turn-off. It is imperative that the engineer clearly understands how ti.e power 
bipohr transistor behaves during forward- and reverse-bias periods in order 
to design reliable and trouble-free circuits. vj 

Tlie first problem is to avoid secondary breakdown of the switching tran- 
sistor at turn-on, when the transistor is forward-biased. Normally the man- 
ufecturer s specifications wUl provide a safe-operating area (SOA) curve, such 
as the typical one shown in Fig. 4-13. In this figure collector current is 
plotted against collector-emitter voltage. The curve locus repre^nts Ae 
nuttimum hmits at which the transistor may be operated. Load Mnes that 
M within die pulsed forward-bias SOA curve during tum-on are considered 
safe, provided that the device thermal limitations and the SOA turn-on time 

are not exceeded. , , , j j i^, 

Tlie phenomenon of forward-biased secondary breakdown is caused by 
hot spots which are developed at random points over the working area ot a 
power transistor, caused by unequal current conduction under high-voltage 




nGUBE4-l3 DC mdpdfedSOAciirvw for btpolw power wm- 
sistors. 
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Stress. Since the temperature coefficient of the base-to-emitter junction is 
negative, hot spots increase local current flow. More current means more 
power generation, which in turn raises the temperature of the hot spot even 
more. Since the temperature coefficient of the collector-to-emitter break- 
down voltage is also negative, the same rules apply. Thus if the voltage stress 
is not removed, ending the current flow, tile collector-emitter junction 
breaks down and the transistor fails because of thermal runaway. 

Recently a method for avoiding forward breakdown has been developed 
by National Semiconductor using a modified emitter-ballasting technique 
during transistor manu&cturing. Devices manufactured using this technique 
may be operated at maximum rated power levels and collector voltages «dth 
no fear of secondary breakdown. -Figure 4-^4 shows a schematic of the com- 
plete monolithic device. 

T^ls technique implants a Junction field-efect transistor (JFETO in series 
with the power transistor base. The JFET acts as a base ballast resistor whose 
resistance changes as a function of collector-to-base voltage. This method 
differs from the standard emitter ballasting, where the resistor is placed in 
series with the device emitter. Base ballasting also maintains constant power 
dissipation regardless of collector voltage. Besistor R (Fig, 4-14) lakes over 
as the JFET pinches off. 



4-7-2 Reverse-Bias Secondary Breakdown 

It was mentioned in previous paragraphs that when a power transistor is 
used in switching applications, the storage time and switching losses are the 
two most important parameters with which the designer has to deal exten- 
sively. If storage time is not roinimized, saturation of the transformer takes 
place, and also the range of regulation of the converter is limited. 

On the other hand the switching losses must also be controlled since they 
affect the overall efficiency of the system. Figure 4-15 shows turn-off char- 
acteristics of a high-voltage power transistor in resistive and Inductive bads. 
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FICURE 4-14 Secondary break- 
down is prevented in bipolar 
power transistors by integrating a 
JFET in series with ttie base. The 
JFET aeti M a baliatt iwistor. 
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FIGURE 4-15 Turn-off characteristics of a high-voitage power transistor 
for a resistive (a) and an inductive {b) load. Cross-hatched area in each curve 
rapKienti the switching loti energy. 
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Inspecting the curves we can see that the inductive bad generates a much 
higher peak energy at turn-off than its resisHve counterpart. It is then pos- 
sible, under these conditions, to have a secondary breakdown failure it the 
reverse-bias safe operating area (RBSOA) is exceeded. 

In early transistor literature the method of rating reverse-bias secondai7 
breakdown was to test the transistor using an undamped inductive load. 
Hie reverse-bias secondary breaWown energy £sb was calculated as 

E^-iL^lh (4-19) 

• where 

The calculated Esb is given in joules. But, sinceactualtestingof the transistor 
may be performed with either open base tum-off or with very high base 
impedance, the £« range may vary from mUlijoules to joules. Also, takmg 
into account the fiwt that the transistor is operating near the breakdown 
voltage V,ix, the parameter dfEsB is relatively useless to modem transistor 

specifications. . , j . » 

An alternative RBSOA rating system has been developed by power tran- 
sistor manufacturers using a clamped inductive collector load. The resulting 
curve is shown in Fig. 4-16, and in a way It resembles the forward-bi^ SOA 
curve The RBSOA curve shows that for voltages below Vceo the sale area 
is independent of reverse-bias voltage V^g and is only limited by the device 
collector current 2c- Above Vc^ the collector current must be derated 
depending upon the applied reverse-bias voltage. 

It is then apparent that the reverse-bias voltage Veg is of great hnportance 
and its effect on RBSOA very interesting. It is also important to remember 
that avalanching the base-emitter junction at turn-off must be avoided, smce 
tum-off switching times may be decreased under such conditions. In any 
case avalanching the base-emitter junction may not be consittered relevant, 
since normaUy designers protect the switching transistors with either clamp 
diodes or snubber networks to avoid sudi encounters. 



44 SWITCHING TRANSISTOR PROTECTIVE NETWORKS: RC SNUBBERS 

It is now very clear from the previous discussion that the most critical portion 
of the switching cycle occurs during transistor turn-off. During the presen- 
tation of the base drive techniques we mentioned that normally reverse- 
base current Ibj is made very large in order to minimize storage time. 
Unfortunately this condition may avalanche the base-emitter junction aid 
destroy the transistor. Alternatively there are two options to Prevent this 
from happening: (1) turning .off die transistor at low values of ooHector-to- 
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emitter voltage Vcb and (2) reducing collector current with rising collectar 

voltage. - 1 , 1 J 

Of course when the power supply design is an off-the-line type, the second 
solution seems to be the more realistic one. Figure 4-17 shows how this can 
be accomplished by using an RC snubber network across the transistor to 
divert collector current during turn-off. Vas circuit works as foUows. When 
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transistor Qi is off, capacitor C is charged through diode Oi to a voltage 
(Vcc ~ V'o). When Qi turns on, the capacitor discharges through resistor 
R. It is important to note that the snubbier actually dissipates a fair amount 
of power, thus relieving the switching transistor, which would have to dis- 
sipate this power in the absence of the snubber. 

Hie following analysis and design procedure is based on quasiempirical 
results, but the equations may be successfiiUy used to develop snubber 
networks for practical designs. Referring to Fig. 4-15&, the energy area 
during turn-oil" may be written as 

2 2 

where Iq = maximum collector current, A 

Vet " maximum collector-emitter voltage, V 
t, = maximum collector voltage rise time, ^s 
tf ~ maximum coUector current fall time, /ts 

Solving £q. 4-21 for capacitance C, we get 

As stipulated earlier, capacitor C charges at tum-of and discharges 
through R during the transistor turn-on time The voltage across the 
capacitor may be written as 

Vc = VcE exp - (t„/flC) (4-23) 

In order to guarantee a liilly charged capacitor prior to turn-off near Vce, 
we must choose RC such that the expression exp - (t„IRC) approaches 
unity. By the same token, we must also choose RC sudi that the capacitor 
will be discharged at the end of the turn-on time 

From basic circuit theory we know that it taiws five time constants (5t; 
T = RC) for a capacitor to discharge flilly through a resistor. Assuming in 
this ca^e that the capacitor will be essentially discharged at the end of three 
time constants, the following-expression may be derived ftr maximum dis- 
charge resistor value: 




(4-24) 



With value calculated for R in Eq. 4-24, we must check the capacitor dis- 
charge current through the transistor at tum-on and restrict it to about 0.2SZc 
using the following formula: 




(4-25) 



(4-21) 



(4-22) 
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If the resistor is too low and 7^^ > 0.25Ic, then H may arbitrarily be raised 
to fulfill the constraint. 

Hie last step is to c^culate the maximum resistor power rating given by 

Pk = iCVSsf (4-26) 

where / is the converter working frequency in kilohertz. 

Hie following example gives a numerical verification of the above formulas. 



EXAMTLE 4-1 

Consider a switching transistor used in a half-bridge converter where 
•Vce - 200 V, t/ - 2 fis, and = 0.5 /zs. The converter is working at 20 
kHz, and the transistor collector current is = 2 A. Calculate As resistance 
R and the capacitance C of the snubber network. 

SOLUTION 

From Eq. 4-22 we have 

^ _ ^ 2(0.5 2) X 10-^ ^ ^^^^ ^ 

Vfx 200 

win use 22 nF. Assume that is 40 percent of the total period {II f). 
Tben 



0 4 X 10"'' 



Using £q. 4-24. 



20X10-' 
* 3(0.22) X 10-" 



We will use 300 Q. 

Check for the discharge current 



1^ = ^ = 0.67 A 



lliis is greater than ^ percent of Ic. thus a new H must be calculated. 

400 n 



Vce 200 



0.25/c (0.25)(2) 

Take fi = 430 fl. 

Finally the power rating of the resistdr is calculated. 

„ (0.025 X 10-«)(20»)(2 X m 



1 W 
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4-9 THE POWER MOSFET USB) AS A SWITCH 

4-9-1 lnlro<hioHen 

Although the field-effect transistor (FET) has been used in circuit designs 
for many years, the power metal-oxide-semiconductor field-effect transistor 
(MOSFET) has been perfected in recent years to make it commercially 
available for power electronics designs. The MOSFET was developed out 
of the need for a power device that could work beyond the 20-kHz frequency 
spectrum, anywhere from 100 kHz to above 1 MHz, without experiencing 
the limitations uf the bipolar power transistor. 

Of course there are several advantages to designing converters working 
at, say, 100 kHz rather than 20 kHz, the most important being reduced size 
and weight. The power MOSFET offers the designer a high-speed, high- 
power, high-voltage device with high gain, almost no storage time, no ther- 
mal runaway, and inhibited breakdown characteristics. Different manufac- 
turers use different techniques for (instructing a power FET, and names 
]ihe HEXFET, VMOS, TMOS,_«.tp*,.Jiave become trademarks of specific 
companies. The bottom line is that all MOSFETs work on the same principle, 
although their variation in construction may enhance certain performance 
specifications, a fact which might make a specific type of MOSFET more 
attractive than others for some applications. 

4-9-2 Bci^ MO$liT DeflnHions 

The circuit symbol for a MOSFET is shown in Fig. 4-18. This is an 
N-channel MOSFET, and its counterpart NPN bipolar transistor is also 
depicted for comparison purposes. Of course there is also a P-channel MOS- 
FET in which the arrowhead is pointing the opposite way. Looking at the 
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FIGURE 4-18 EbdrieaLiymbob of m NPN bipolar transisbtr and its 
equivalent N^himnel MOSFET. 
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two symbols of Fig. 4-18, the collector, base, and emitter terminals of the 
bipolar transistor are termed drain, gate, and source, respectively, in the 
MOSFET. 

Although both devices are called transistors, it is important to understand 
that there are distinct differences in the construction and principles of op- 
eration between bipolar and MOSFET device;,. The first and most important 
difference is the &ct that the MOSFET is a m^ority carrier :>emiconductor 
device, while the bipolar is a minority carrier semiconductor. 



4-9-3 OotoDriv«CendcieratloiMOf1lwMOWET 

When the bipolar power transistor was examined, we mentioned the fact 
that this device is essentially current-driven, that is, a current must be 
injected at the base in order to produce a current flow in the collector. This 
current flow in turn is proportional to the gain of the bipolar transistor. 

The MOSFET, on the other hand, is a voltage-controlled device; that is, 
a voltage of specified limits must be applied between gate and source in 
order to produce a current flow in the drain. Since the gate terminal of the 
MOSFET is electrically isolated from the source by a silicon o^dde layer, 
only a small leakage current flows from the applied voltage source into the 
gate. Thus, we can say that the MOSFET has an extremely high gain and 
high impedance. 

In order to turn a MOSFET on, a gate-to-source voltage pulse is needed 
to deliver sufficient current to charge the input capacitor in the desifed'fime. 
The MOSFET input capacitance Cu, is the sum of the capacitors formed by 
the metal-oxide gate structure, from gate to drain (Cgd) and gate to source 
(Cgs)- Thus, the driving voltage source impedance Kg must be very low in 
order to achieve high transistor speeds. 

A way of estimating the appraximate driving generator impedance, plus 
die required driving current. Is given in the following equations: 

_ Uort^ ^4.27) 
• 2.2Cte 



and 



r,= c4 (4-28) 



where R, generator impedance, SI 

Cu, = MOSFET input capacitance, pF 
dvldt = generator voltage rate of change, V/ns 

To turn off the MOSFET, we need none of the elaborate reverse current 
generating circuits described for bipolar transistors. Since the MOSFET is 
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a majority carrier semiconductor, it begins to turn off immediately upon 
removal of the gate-to-source voltage. Upon removal of the gate voltage the 
transistor shuts down, presenting a very high impedance between drain and 
source, thus inhibiting any current flow, except leaicage currents (in 
microamperes). Figure 4-19 iHustiates the relationship of drain current ver- 
sus drain-to-source voltage. Note that drain current starts to flow only when 
the drain-to-source avalanche voltage is exceeded, while the gate-to-source 
voltage is kept at 0 V. 



EXAMPLE 4-2 

A power MOSFET driven from a i2-V dc generator is switching 320 V dc 
of supply voltage. Given that the MOSFET has a Ccd -= 100 pf and Ccs = 
500 pf, find the total gate current I, required to switch the transistor on 

within 20 ns. 

SOLUTION 

From Eq. 4-28 we deduce that in order to charge the gate-to-drain capac- 
itance Ceo, a current of magnitude CcD(do/dt) is required to overcome the 
Miller effect. Therefore, 
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"volttg* 



) currant' 
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FIGURE 4-19 Drain-to-source blockiog characterisUcs of the MOSFET. Note that 
whcD the avalanche voltage it readied, the dram enrrcnt iwrcasei linearly. 
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Since by design the MOSFET responds almost instantaneously to gate volt- 
age, it will conduct with a Vcs somewhere between 2 to 4 V, and it will be 
fully on with a gate voltage of 6 to 8 V. Assuming for this example that the 
MOSFET under consideration is fully on at 7 V, the current Ic required to 
cfaaige the gate-to-source capadtance'Ccs is 

/c=c4 = 500pf(^)=0.175A 

Therefore, the total generator current 7^ required to turn the FET on is 

= + = 1.775 A 



4-9-4 Static OperaflngCiiaraetoiMles Of lh«MOSRr 

Figure 4-20 shows the drain-to-source operating characteristics of the power 
MOSFET. The reader may compare these curves to the ones given in Fig. 
4-1 for the bipolar transistor. Although the two curves look the same, diere 
are some fundamental differences between them. 

The MOSFET output chiiracteristfc curv^ reveal two distinct operating 
regions, namely, a "constant resistance" and a "constant current." Thus as 



Id 

a 




Constant current 



FIGUBE440 Typical ou^MteharacMsUccurvM of* MOSFET. 



the drain-to-source voltage is Increased, the drain current increases pro- 
portionally, until a certain drain-to-source voltage called "pinchof" is 
reached. After pinchoff, an increase in drain-to-source voltage produces a 
constant drain current 

When the power MOSFET is used as a switch, the voltage drop between 
the drain and source terminals is proportional to the drain current; that is, 
the power MOSFET is working in the constant resistance region, and there- 
fore it behaves essentially as a resistive element. Consequently the on- 
resistance Hds.«. of the power MOSFET is an important figure of merit 
because it determines the power loss for a given drain current, just as Vct.»t 
is of importance for the bipolar power transistor. By examining Fig. 4-20, 
we note that the drain current does not increase appreciably when a gate- 
to-source voltage is applied; in feet, drain current starts to flow after a 
threshold gate voltage has been applied, in practice somewhere between 2 
and 4 V. Beyond the threshold voltage, the relationship between drain cur- 
rent and gate voltage is approximately equal. Thus, the transconductance 
g^„ which is defined a$ the rate of change of drain current to gate voltage, 
is practically constant at higher values <rfdndn current. Figure 4-21 illustrates 
the transfer characteristics of/o vs. Vcs, while Fig. 4-22 shows the reU- 
tionship of transconductance gj, to drain current. 

It is now apparent that a rise in transconductance results in a proportional 
rise in the transistor gain, i.e., larger drain current flow, but unfortunately 
this condition swells the MOSFET input capacitance. Hierefore, c»e- 
fiiUy designed gate drivers must be used to deliver the current required to 



Id 




FIGURE 441 Taadtt dmdnristia of a power MOSFET 
showing the Oiear dUi^a rdaiiaashlp. 



•fi 



"o 

FIGURE 4-22 Curve showing the relationship of tnaMon- 
ductance <''^" current Note how rapidly the trnHcan* 
dBdance riwa lo saturalian as drain curront li lacreuad. 

charge the input capacitance in order to enhance the switching speed of the 
MOSFET. 

4-9-5 MOSFET Safe Operating Area (SOA) 

In the discussion (rf'the bipolar power transistor, it was mentioned' that in 
order to avoid secondary breakdown, the power dissipation of the device 
must be kept within the operating limits specified by the forward-bias SOA 
curve. Thus at high collector voltages the power dissipation of the bipolar 
transistor is limited by its secondary breakdown to a very small percentage 
of full rated power. Even at very short switching periods the SOA capability 
is still restricted, and the use of snubber networks is incorporated to relieve 
transistor switching stress and avoid secondary breakdown. 

In contrast, the MOSFET dfers an exceptionally stable SOA, since it 
does not suffer from the effects of secondary breakdown during forward bias. 
Thus both the dc and pulsed SOA are superior to that of the bipolar transistor. 
In feet with a power MOSFET it is quite possible to switch rated current 
at rated voltage without the need of snubber networks. Of course, during 
the design of practical circuits. It is advisable that certain derating must be 
observed. Figure 4-23 shows typical MOSFET and equivalent bipolar tran- 
sistor curves superimposed in order to compare their SOA capabilities. 

Secondary breakdown during reverse bias is also nonexistent in the power 
MOSFET, since the harsh reverse-bias schemes used during bipolar tran- 
sistor turn-off are not applicable to MOSFETs. Here, for the MOSFET to 
turn off, the only requirement is that the gate is returned to 0 V. 
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FIGURE 4-23 DC and pulsed SOA curves for a MOSFET power 
transistor (solid lines). SOA curves of an equivalent bipolar tran- 
sistor are also shown (dotted lines). Note tbe iiiperior SOA diar- 
acieristics of the MOSFET device. 

4-9-6 Design Considerations (or Driving the Power MOSFET 

It must be clear by now that using the power MOSFET the designer may 
achieve perforinance much sujperior to using bipolar power transistors. Since 
the best performance characteristics of the MOSFET come forth when the 
device is operated at very high frequencies (normally 100 kHz and above), 
certain design precautions must be taken in order to minimize problems, 
especially osciUatioiis. Figure 4-24 shows a typical MOSFET driving a re- 
sistive load, woridng fai the coitfmon-source mode. 

There are basically two very simple design rules associated with MOSFET 
application which will prevent the transistor from oscillating when used m 
high frequencies. First, minimize all lead lengths going to the MOSFET 
terminals, especially the gate lead. If short leads are not possible, then the 
designer may use a ferrite bead or a small resistor R, in series with the 
MOSFET as shown in Fig. 4-24. Either one of those elements when placed 
close to the transistor gate will suppress parasitic oscillations. 

Second, because of the extremely high input impedance of the MOSFET, 
the driving source impedance must be low in order to avoid positive feedback 
which may lead to oscillations. We must note at this point also that while 
the dc input impedance of the MOSFET is very high, its dynamic or ac 
input Impedance varies with frequency. Therefiire, the rise and fall times 
of the MOSFET depend on the driving genentor impedance. 
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mVRE4-24 A typical MOSFET ined as a *wjtdi,o|ieratki| taconnnoii- 
MMTce oodiguratliia. 

An sqpproidmation of the rise and M times is given by die- folkiwing 
equation: 

or tf = 2.2HgCte . (4-29) 

where t, = MOSFET rise time, ns 
tf = MOSFET fall time, ns 
fi( B driving generator impedance, O. 
C|H = MOSFET input c^KMdlaitoe, pF 

It is important to note that Eq. 4-29 is valid if fit ^ Rf This information, 
along with the &ct that there are no stoi^ or delay times associated with 
the MOSFET, aUows the rise and M times to be set by the designer. Hie 
resistor Rt in the circuit of Fig. 4-24 is used to assist transistor tum-of. 



EXAMPLE 4-3 

In the circuit ofFig. 4-24, a MOSFET is used wdiich has an input capacitance 
= 500 pF, resistor R, = 150 0, and Ht - 2000 11. What will be the 

rise time of the driving waveform? 

SOLUTION 

Using Eq. 4-29 we have 

t, = (2.2)(150)(500 10-»^ - 165 ns 
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Another important thing to remember is the fact that die silicon oxide 
layer between the gate and source regions can be easily perforated and 
therefore permanently destroyed if the gate-to-source voltage exceeds manu- 
fecturer s specifications. Practical gate voltages have a maximum value any- 
where from 20 to 30 V. Even if the gate voltage is below the maximum 
permissible value, it is advisable to perform a thorough investigation to make 
sure that there are not any fast rising spikes, caused by stray inductances, 
which may destroy the oxide layer of the MOSFET. 

4-9-7 ClreuHsllMd In Driving me MOSRT 

Driving the MOSFET jfirom TTL Although it is possible to drive the MOS- 
FET direcdy from the output of some transistor-transistor logic (TTL) fam- 
ilies, direct driving is not recommended, since the transistor stays in die 
linear region for a long time before reaching saturation. Thus the perform- 
ance of the MOSFET may never reach its optimum point with such a gate 
drive. 

In order to improve the switching performance, a buffer circuit must be 
provided, which will present very fast current sourcing and sinldng to the 
gate capacitances. Such a simple circuit is a complementary emitter-follower 
stage, as shown in Fig. 4-25. Transistors Qi and Qj must be chosen to have 



Vcc Vos Vos 




FIGURE 4-25 An etnitter-Mowerlniferii used between TTL and MOSFET to decrease 
iwitddig rite and fall tlmcf . Thae tramitton most have bigii tain and wide bandwidth. 
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high gain at high current in order to be able to deliver the current demanded 

by the Miller effect during turn-on and turn-off. 

The following equations may be used to calculate the current flowing in 
each buffer transistor at tum-on (Qi) and tum-of (Qi). The charge current 
Id^ is given by \ 

W - ^ (4-30) 

and 

Ccs - - C„ (4-31) 

where Ccs - gate-to-source capacitance, pF 
Cm = input capacitance, pF 
Cu * reverse transfer capacitance, pF 

Vqs = gate-to-source voltage, V 
t, = input pulse rise time, ns 

If we assume that the gate-to-drain capacitance discharges at the same time, 
then tr"' tf, and the discharge current is given by die following equation: 

where Vps is the drain-to-source voltage (in volts). ' 

In order to calculate the power dissipated in each of the buffer transistors, 
the following formula is used; - 

P = VcEic*r/ (4-33) 
wdiere Vce = buffer transistor saturation voltage, V 
Ic " buffer transistor collector current, A 
/ - transistor switching frequency. kHz 

Another way of driving a MOSFET, instead of with discrete transistors, is 
using special integrated buffers such as the one shown in Fig. 4-26, i.e., the 
DS0026 high-current driver. 

Driving the MOSFET from CMOS Because of the MOSFET high input 
impedance, it may be directly driven by a CMOS gate, as shovm in Fig. 
4-27a. This configuration will produce rise and fall times of about 60 ns. In 
order to achieve fester switching times, an emitter-follower buffer may be 
used, as shown in Fig. 4-25, or more than one CMOS gate may be paralleled, 
as shown in Fig. 4-27i», to increase current availability to the MOSFET input 
capacitances. 
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nGURE4-28 A typical appUa«loBQfB>fagl«>«Pplyop*«IHHa^^ 
used to drive « MOSf EX. 

4-9-8 Power MOSFET Switch Protection Circuits 

It was mentioned during the presentation of the MOSFET SOA character- 
istics that it is conceivable to switch maximum power through a power 
MOSFET without the need of snubbers. Although this statement may be 
true, it is still a good design consideration to add an RC snubber netwoik 
across a MOSFET switch. There are basically two main reasons why this is 
advisable. First, the RC snubber alters the MOSFET load line, increasing 
its reliabilit>' to a maximum, and second the snubber dissipates *e excess 
turn-off energy which othenvise would be dissipated by the transistor switch. 
Thus transistor stress is minimized without affecting the overall efficiency of 
the switch' 

It is very interesting to note also that by using power MOSFETs. the 
leakage inductance commutating diode, which is used across the switch to 
return inductive energy back to the supply bus. is not necessary any more. 
This is because all MOSFET structures have a body-drain FN junction in 
shunt with the channel. Figure 4-32 shows a MOSFET used M a switch, 
depicting the integrated body-drain diode, and also an RC snubber. 

Although the transition time for MOSFETs is one order of magnitude 
less dian for bipolars, all the equations presented in Sec. 4-8 for calculating 
the fl and C are valid for die gower MOSFET also. 
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FIGURE 4-29 A totem-pole circuit used to drive a load connected to ground. Id ihis 
case the MOSFET is operated in tiie common-drain mode. 



4-10 THE GATC TURN-OFF (OTO) SWITCH 

The gate turn-off (GTO) semiconductor switch is gaining popularity in switch- 
ing circuits, especially in equipment which operates directly from European 
mains. The GTO offers the following advantages over a bipolar transistor: 
high blocldng voltage capabilities, in excess of 1500 V, and also high over- 
current capabilities. It also exhibits low gate currents, fast and efficient tum- 
o£ as well as outstanding static and dynamic doldt capabilities. 

Figure 4-33 depicts the symbol of a GTO. The two-transistor circuit is 
used to eicplain how the GTO works. When positive drive is applied to the 
G terminal, transistor Qi turns on, driving the base of transistor Qi low. 
Thus, transistor Qi turns on allowing collector current to flow into the base 
of ^2, setting up regenerative conditions, that is, if the sum of the transistor 
gains exceeds unity, the device will latch in the on state. Unlike a thyristor 
diough, the GTO will turn off only when a negative gate drive is applied. 
When the GTO is turned on, its saturation voltage is much lower than bipolar 
transistors even at hi^ current due to Its double-injection manufacturing 
process. .... 
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FIGURE 4-26 A high current integrated buffer 
(i.e., DS0026) may be used to interface TTL Ie*d» Is a 
MOSFET, Umi cnvldenUy invrwing the twjtchkic 
times. 



Driving the MOSFET from Unear Circuits It is conceivable that the 
MOSFET may be driven directly, from the output of an operational ampli- 
fier (op-amp), such as" a power op-mnp enable of delivering high output 
current. The limiting factor, however, is the slow slew rate of a power l^an*. 
which hmits the operating bandwidth to less than 25 kHz. 

In order to improve both bandwidth and slew rate to make the op-amp 
usable in driving the MOSFET, an emitter-Mower buffer may be used. A 
typical driving circuit using an op-amp is shown in Fig. 4-28. 

Some Other Driving Consideratiom In all the previous driving circuits the 
MOSFET was used in the common-source configuration. There are times, 
however, where the common-drain craifiguration may have to be used, for 
example, in a bridge circuit. Such an ihstancS red|uires a totem-pole ciroiit 
and thus driving becomes more difficult. The difficulty arises from the fact 
that as the voltage across the load increases, the enhancement voltage of the 
common-drain MOSFET decreases. 

tbis can easily be seen f^om the circuit of Fig. 4-29. In this configuration, 
when MOSFET Q3 turns on, the voltage across rises to the voltage Vj. 
This means diat the enhancement voltage of <? 3 decreases, and unless Vi > 
V2, the voltage across Zi, never reaches Vj. It will be necessary, therrfore. 
to produce a voltage at the gate of Q3 which will be greater than the voltage 
across the load, and if such a supply is not available, a bootstrap circuit sudi 
as the one shown in Fig. 4-30 may be used. 

In this circuit, when Qi and Q3 are on, capacitor C is charged loa vdtage 
(V - Vo) through diode D. When (?i and Q3 are turned off, the gate vdtage 
of Qz is pulled to the above voltage, and Qi turns on, impressing a vdtage 
(V - Vcs) across Zl- Of course, since the input Impedance of Qj is very 
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FIGURE 4-27 CirciiK(a> shows direct drive of a MOS- 
FET firom a CMOS gate. In order to improve the speed 
of die MOSFET, more than one CMOS gale may be 
panlJded In order to provide larger gate cuirent {b). 



high, the charge across C is maintained long enou^ to turn completely 
on. Capacitor C must be made large enough to sustain this charge, and a 
good first approximation is to choose C s lOC^jj- 

Another method used to drive a common-drain MOSFET is the trans- 
former coupled drive. A typical circuit is shown in Fig. 4-31, and it may be 
used for bridge circuit designs. The input drive pulses V„ are in phase. 
Transistor pairs and QrQs constitute emitter-follower drivers. Th« 

upper MOSFET ^3 is driven through a transformer, while the lowe 
MOSFET Qi is directly coupled to its drive. Because of the polaritv 
in the windings of Tj, depicted by the dots, Q3 is on when Qt is oSL, and vice 
versa. Resistors R| and A3 are used to suppress parasitic osdllatitos, while 
resistors Rt and R4 are used to assist MOiSFET turn-off. 
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FIGURE 4-32 A power MOS- 
FET used as a switch, showing 
the integrated commutating diode. 
The RC snubber network is used 
to keep the transistor voltage be- 
low the breakdown drain-to-sobrce 
voltage (Vuh)- 
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ilCURE4^ Synbd of die GTO«dilttiio.tr«ubtar equivalent drcnft. 




♦ 15 V Vh 



LTU 

on ott 

O 




nGimE4>3S Practice jTcdUartfam of a GTO gate drive ctenit. 

capacitor Ci. NVhen the control voltage at the base of Qn goes positive, 
transistor turns on, while transistor Qi turns off since its base now is one 
diode drop more negative than its emitter. At this stage the positive side of 
capacitor Ci is essentially grounded, and Ci will act as a voltage source o^ 
approximately 10 V, turning the GTO off. 

Isolated gate drive circuits may also be easily implemented to drive the 
GTO. 
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FIGURE 4-30 A bootstrap circuit is used to improve the totem-poie configunrtio 
tbe MOSFET is operated in the common drain mode. 



4-10-1 Gate Drive Rttqulrem«iits of the GTO 

Unlike the bipolar transistor, the GTO may be turned on, at comparable 

applications, with much lower gate drive. Tlius, gate drive for a GTO may 
become very simple, and Fig. 4-34 shows a basic drive circuit. 

The GTO is turned on by applying a positive gate current, and it is turned 
off by applying negative gate-cathode voltage. A practical implementation of 
a GTO gate drive circuit is shown in Fig. 4-35. In diis circuit when transistor 
^2 is off, emitter follower transistor Qi acts as a current source pumping 
current into the gate of the GTO through a 12-V zener Zi and polarized 
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FIGURE 4-31 A transformer coupled conunon-drain MOSFET configuration. Transformer 
r, is used to enhance tlie him-on and turn-off of switching transistor without the need of 
bootstrapping. Gate resistors R, and ilj are parasitic oscillation suppressors, and they must 
be physically located very close to the MOSFET gates. Resistors Jt, and R, assist MOSFET 



105 



HSHflXGUBCy SWnCHNG POWER SUPPUES 

8. PreMman, A. I.: "Switching and Linear Power Supplies, Power Converter Design," Hay- 
den. RocheUe PUk, NJ, 1977. 

9. RoaHc D. : "Base Drive Omiidentlaiit in High Power Switching tntatttm," TRW, AN- 
120. 1975. 

10. Skroadore. W. R.:"Methods for Utilizing High Speed SwitchlnglnHlghEliergySwitchiiig • 
Environments," General Semiconductor Industries, 197S. 

U. Walker, R. J.: "Ciicuit Techniques ibr Optimizing High Power TVansistor SwiteUng Effi- 
ciency," Powercon 5, 1978. 

12. Wood, F. N.: "Design ConsideraUoos for Transistor Converters," TRW, AN-142, 1977. 

13. : "Switching Ibwer Gonverten,' Van Noitnml Relnhold, New YoA, 19SL 



FIVE 

THE HIGH-FREQUENCY 
POWER TRANSFORMER 



M INTRODUCTION 

Many engineers consider the design of magnetic components as a sort of 
"black art." Nothing could be more wrong. The design of magnetic com- 
ponents Is an exact science, and it follows precisely all the fundamental elec- 
tromagnetic laws developed by the pioneer scientists of the field, such as 
Maxwell, Ampere, Oersted, and Gauss. 

Hie purpose of this chapter is to introduce the fundamental laws of mag- 
netism and to present in a simple, logical, and coherent way the relationships 
that exist between magnetism and electricity for the design of practical- 
electromagnetic components, such as coils and transformers. 

5-1 PRINCIPLES OF ELECTROMAGNETISM 

Consider the simple electrical circuit depicted in Fig. 5-1, consisting of a 
voltage source V, a switch S, and a load L, in the form of an air coil. If at 
some instance switch S is cbsed, a current I will flow through the wires to 
the load. As the current passes through the ooil, a magnetic field is estab- 
lished, as shown, which links the turns of the coil. This is called )Ztix, and 
the lines of field are called fiux linkages. 

The flux in this coil, however, is still not very strong. If we were to place 
a bar of magnetic material (ferromagnetic) inside the coil, as shown in Fig. 
5-2, an additional magnetic field would be induced in the bar, producing 
much more flux. The flux linkages would travel through the bar, and they 
would find a return path through the surrounding air. If the ferromagnetic 
core were constructed in such a way to present a continuous path to the 
flux, then the field would be confined within the core, as shown in Fig. 
5-3, inducing a strong magnetic field. 



io»- 
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Magnstic flux 



nGUBEW A magnetic ftix is *wlopedtain«irH»re cod i«iil«nB 
from a current flow I. 



The degree to which the flux is concentrated is called the ^f^^'A^ 
density or magnetic induction, measured at a given point, and design^ed 
by the symbol B. The units of B in the '^e^timeter-gram-second (cgs) sy tem 
which is used throughout this book, are given in gauss (G) On the other 
S the magnetizing force that produces the magnetic fl^ .s known as the 
rmgnetic field strength H. and the units are given In oersteds (Oe). 




FIGUBE M A bar of ferromagnetic material rfacod bifida iIm 000 
will create m addlUooi^ itronBer flux. 
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Magnittefhix 
inside core 




FIGUBE 5-3 A continuous ferromagnetic core will confine all 
die flux witlilii, pradncmB a Strang magnetic fleU. 



The magnetic field strength can be written as 

* (5-1) 

where N = coil number of turns • 

I = magnitude of current flow 
= magnetic length of core 

Another important relationship between the magnetic flux and the magnet- 
izing fijrce is their ratio, called the permeabUity /i, givai as 

Permeability depicts the ease with which a core material may be magnetized 
by a certain induction force. The permeability of air is constant and has the 
value of 1 in the cgs system. 



5-2 THE HYSTERESIS LOOP 

Every magnetic material is characterized by an S-shaped curve, known as 
the hysteresis loop. This loop is a curve plotted on B-H coordinates by 
subjecting the magnetic material to a complete magnetizing and demagne- 
tizing cycle. Figure 5-4 shows a typical hysteresis curve of a ferrom^etic 
core without an air gap in the magnetic flux path. Thus, if we start at point 
a on the curve, which denotes the maximum positive magnetizing force, to 
point b, which denotes zero magnetizing force, then down to point c, the 
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maximum negative magnetizing force, back through zero point d to maximum 
positive magnetizing force at point a, a complete magnetic cycle is obtained 
in the form of an S. 

Figure 5-4 also depicts certain points on the hysteresis loop that are very 
important and are defined as follows: 

is the maximum flux density (induction) point, 
is the maximum magnetizing force. 

is the residual magnetic flux (induction), vihea the magnetizing force 
is zero. 

He is the coercive force or the reverse magnetizing force necessary to 
reduce the residual induction to zero. 

It is apparent from the B-H curve of Fig. 5-4 that is reached at a 
certain H„„ value and that it cannot be exceeded, even if the magnetizing 
force is increased. The value of the magnetic induction at this point is said 
to be saturated and is written as B^. 

If we were to introduce an ah- gap into the core, a hybrid flux path would 
be created, which would alter the effective length of the magnetic 
path. Since the air gap permeability is unity, the elective magnetic path 
length is 



I. - ii + Hd, 
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where I, length of magnetic path of material 

Zg = length of magnetic path of air gap 
fii = permeability of magnetic material 

Applying Ampere's circuital law to the gapped core, one can show that the 
core flux density may be writtmyiai 



Equation 5-4 is a very important relationship, since it states that for a given 

ampere-turn product {NI), the flux density of a core with an air gap is smaller 
than that of a gapless core. In other words, with an air gap is smaller 
than Ba, without an air gap. Thus the introduction of an air gap in a magnetic 
circuit gives a "tilt" to the hysteresis loop, as shown in Fig. 5-5, reducing 
the possibility of core saturation at high magnetizing force. 

The majority of magnetic core manuiacturers describe the B-H property 
of their material by the normal magnetizing curve, as depicted in Fig. 5-6. 
Hiis curve shows that the slope of B vs. H in the region below the "knee" 
may be considered essentially constant. Thus a linear relationship exists at 
this region between the excitation current and the resultant flux, which 
makes the permeability of the core also constant 

In the low-level region of the curve, core losses become negligible; thus 
the core temperature sUys low. Above die knee the core goes into saturation, 
and operation at this.re^n must be avoided for linear appUcatkins. 



8 
k 




FIGURE 5-5 A hysteresis loop of a core witli an air g^i. Notice the 
shearing of the loop due to die addition of the air gap fliu and the 
rcducdM of the B« nine mnpared to die (Mess case. 
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FIGURE 5-6 Typical magnetization curve showing Bnear and saturation regions. 



5-3 BASIC TRANSFORMER THEORY 

We mentioned in previous discussions that a current flowing through the 
windings of a coil wound around a cbsed core will Induce a flux confined 
within the core. If this current were periodic and a second coil were wound 
around the same core, we would expect that the opposite effect would take 
place; that is, the flux would induce a voltage and a current flow in this 
secondary winding. Indeed this is the case, and Fig. 5-7 shows the simplest 
form of a two-winding transformer. 

Normally a transformer operates with high efficiency in raising or lowering 
the output voltage in proportion to the ratio of turns, given by 

Ws^Vs 

Thus, transformers are categorized as step-up or step-down, depending upon 
whether the secondary voltage is higher or lower than the input voltage. Of 
course more than one seccmdary winding may be incorporated, which could 
produce both higher and lower voltages. One of the most important and 
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Vs Ns' ip 
FIGURE 5-7 Typical two-winding transformer. 



useful characteristics of a transformer is the electrical isolation which it offers 
between primary and secondary. 

From the fundamental transformer magnetic relationship 



—.(f) 



10-" (5-6) 



we can derive an expression to calculate the flux density B in order to make " 
sura that the transformer operates in the linear portion of the magnetization 
curve. This eq>ression is given by 

KfNpA, 

vidiere Vj. = impressed primary voltage, V 
/ = frequency, Hz 
tir = primary number of turns 
A, = core elective area, cm* 
K " 4.44 for sine waves 

Since this book is devoted to switching power supplies, K = 4 will be used 
for push-pull and bridge converters, and K = 2 will be used for forward- 
converters. 

Normally, the designer of the power transformer chooses arbitrarily, 
so that it lies within the linear region of the B-H curve. A good starting 
point is to choose B„ " 3,^12. 
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A simple xearrangement of Eq. 5-7 yields the number of primary turns 

^' - KfB^A. ^'-^^ 

Two more design parameters are very important in the selqction of the prcper 
core. One is the core's (or bobbin's) winding area, whicK must be selected 
large enough to carry the proper wire size in minimizing winding Irsses, 
and the second is the core's power handling capability. These parameters 
are related by tHe feDowing equation: 

- (1.16B^iaA.A,)10-» (5-9) 

w^ere Po„, = power handling capability of core, W 
BiMx = peak operating flux density, G 
/ ■ frequency, Hz 

d = current density of wires, A/m* . » 

At = core effective area, cm* 
Ae " bobbin winding area, cm' 

Some manufacturers use the symbol W„ for window area instead of A^. 
Normally the current density is expressed in circular mils per ampere, sym- 
bolized as 0, and related to by 

. 1.27 X 10» . 

d- 5 • (5-10) 

Substituting Eq. 5-10 into Eq. .')-9 we get 

. (1.47/B^A.A.)lQ-3 ^^^^^ 

Rearranging Eq. 5-11 we derive a very useful equation for calculating and 
selecting the core size of a transformer: 

Operating current density D is given by the wire manufacturer based on 
1000 circular mils per ampere (cm. /A). Practical designs use a current 
density below that number, and depending upon the application and the 
number of the winding turns, current densities as low as 200 cm. /A may 
be used safely. 



5*4 CORE MATERIAL AND GEOMETRY SELECTION 

Although almost any magnetic material may be used in designing high- 
frequency power transformers, ferrites have been almost exclusively used 
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in modem converter designs. Ferrites may not have very high operating 
flux densities— most ferrites have a B„, from 3000 to 5000 G— but they offer 
low core losses at high frequencies, good winding coupling, and ease of 
assembly. 

Cores made from ferrites come in many shapes and sizes, and various 
power ferrite materials specifically aimed at high-frequency transformer de- 
sign have been developed by manufacturers. Table 5-1 names some of tbe 
most popular ferrite trade materials and their manufecturer. 

The geometry of the core used for a specific application depends on the 
power requirements. E-E, E-1, E-C, and pot cores are some of the most 
popular shapes. Because of their construction, pot cores are very well suited 
for low- to medium-power applications, anywhere from 20 to 200 W. They 
are particularly attractive for designs requiring low flux leakage, and their 
inherent self-diieldfng design minimizes EMI. 

For higher power leveb E-E, E-I, and E-C cores may be used. The 
E-C core is a compromise between an E-E and a pot core, combining the 
advantages of each shape. 

Manufacturers of cores list all the important parameters required to design 
a power transformer, and if a particular parameter is not listed, it can easily 
be calculated using the equations in Sec. 5-3. Table 5-2 relate& magnet wire 
size, AWG (American wire gauge), to current densities. 



5-5 DESION OF A POWER TRANSFORMER FOR A 
Pt&H-WIDTH-MODUUTID HAU^BRIDOI CONVBtnR 

The step-by-step design example which follows demonstrates the develop- 
ment of a typical high-frequency power transformer. The example is general, 
and judicial changes will make it useful for full-bridge or push-pull pulse- 
width-modulated (PWM) power converter designs. The materials chosen for 
the design were selected as a representative sample, but any material could 



TABLE 5-1 FERRITE CORE 
MATERIAL FOR HIGH-FREQUENCY 
POWER TRANSFORMERS 



Moterioi 


Man^elurer 


3C8 


Ferroxcube 


24B 


Stackpole 


77 


Fair-liite Products 


F, T 


Magnetics, inc. 


H7C1 


TDK 


N27 


Siemens 



TABLE S-2 HEAVY FILM-INSULATED MAGNET WIRE SPECIFICATIONS 



Current 



AWG 


Diameter over 
insulation (inches) 

Min, Max. 


Nomtmu 

circular 
mil area 


per 1000 


eavacHy in 
witifwfftperCT 

baud on 
1000 cm-iA 


AWG 


« 
o 


0. 130 


A 1 

U. loo 


16510 


6,6281 


16510 


8 


9 


n 1 1 c 


A 1 1Q 


13090 


C.7925 


13090 


9 


10 


n 1 A/4 
U. 1U4 


A 

U. iUO 


10380 


0.9985 


10380 


10 


11 




A AQ>lO 


8230 


1.261 


8226 


11 ■ 


12 




A rau.? 


6530 


L588 


6529 


12 


13 






5180 


2.001 


5184 


• 13 


14 


U.vwt 




4110 


2.524 


4109 


14 


15 






3260 


3. 181 


3260 


15 


16 




u.uo*to 


2580 


4.020 


2581 


16 


17 




A 

U.IHOO 


2050 


5.054 


2052 


17 


18 






1620 


6.386 


1624 


18 


19 






1290 


8.046 


1289 


19 


20 






1020 


10.13 


1024 


20 


21 






812 


12.77 


812.3 


21 


22 


U.UZ/ 1 


A AOQ 1 


640 


16.20 


640.1 


22 


23 


A AO/I^ 

U.UZ44 




511 


20.30 


510.8 


23 


24 


r\ AO 1 Q 




404 


25.67 


404 


24 


25 


A A IQ^ 


A A OAT 


320 


32.37 


320.4 


25 


26 


0.0174 


0.0182 


253 


41.02 


252.8 


26 


27 


0.0157 


0.0164 


202 


51.44 


201.6 


27 


28 


0.0141 


0.0147 


159 


65.31 


158.8 


28 


29 


0.0127 


0.0133 


128 


81.21 


127.7 


29 


30 


0.0113 


0.0119 


100 


103.7 


100 


30 


31 


0.0101 


0.0108 


79.2 


130.9 


79.21 


31 


32 


0,0091 


0.0098 


64 


162 


64 


32 


33 


0.0081 


0.0088 


50.4 


205.7 


50.41 


33 


34 


0.0072 


0.0078 


39.7 


261.3 


39.69 


34 


35 


0.0064 


0.0070 


31.4 


330.7 


31.36 


35 



be used as long as the manu&cturer's data sheets are consulted for use of 
the proper specifications. 



DESIGN EXAMPLE 5-1 

Design a iOO-W power transformer to be used in a 20-kHz half-bridge, 
PWM converter whidi operates from 90- bo 130- and 180- to 260-V ac mains 
and produces 5 V at 20 A output. 



I 



DESIGN PROCEDURE 



Step 1: Choose the core geometry and ferrite material For this design 
choose a Ferroxcube pot-core fimrrile of 3C8 material. Use the 
ciicuit cf Fig. 3-12 as a guide fin die design. 

Step 2; Choose a working B^. From the Ferroxcube catalog specifications 
for the 3C8 material we find that the saturation flux density at 
100°C is Ba, = 3300 G. Since the converter has to work fi-om 
90- to 130- and ISO- to 260-V ac, we take at 90 V ac to be 
1600 G. This choice guarantees that will stay below 3300 G 
at 130 V ac, thus the transformer will not saturate. 

Step 3; Find the maximum working primary current. The transformer 
primary has to conduct the maximum possible current at the low 
input voltage of 90 V ac. The dc voltage after the rectifiers 
is Vi„ = 2(90 X 1.4) = 252 V. Using Eq. 3-28, the primary cur- 
rent is 

3^^^3XJOO^^_^^^ 
' Vfc 252 

Step 4; Determinecoreandbobbinsize. Wechoosetoworkwithacurrent 
density of 400 cm. /A. Use Eq. 5-12 to calculate the A, A, product 

0.68 X 100 X 400 X 103 ' 
A A, = — : 0.850 cm* 

^' ' 20 X 10^ X 1600 

Choose a core size close to the calculated A, product of 0.850 
cm*. The 2616 core has A, = 0.948, but from the same catalog 
the single-section bobbin has a winding area A^ = 0.406, giving 
an A, At product value of 0.384 cm*, which is too low. 

Try the 3019-PL00-3C8 core and bobbin. From the manufac- 
turer's data sheets we get A, = 1.38 cm^ and A. = 0.587 cm^ 
Then A,Aj ■ 0.810 cm*, which is very cfose to the cak»ilated 
value of 0.850 cm*. 

Although this core is able to handle the required power, it is 
a good practice to choose an A, Ac value which is at least 50 percent 
higher than the calculated one in order to account for insulation 
thickness and air space around round wires. Thus for this design 
we choose the 3622-PL00-3C8 Ferroxcube pot core and the 
3622F1D bobbin. From the manufacturer's data we ge't A, = 2.02 
cm» and A, « 0.748 cm^ yielding A.A, = 1.5 cm*. This value is 
more than adequate for the transformer design. 
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Step 5: Calculate wire size and primary number of turns. Since we chose 
400 cm. /A to be the wire current density for this design, the 
primary winding requires a wire size of 1.19 X 400 = 476 cm., 
which from the magnet wire specifications of Table 5-2 corre- 
sponds to no. 23 AWG. 

From the Ferroxcube catalog, tlic' turns per bobbin graph of 
the 3622F1D single-section bobbin shows that approximately 180 
turns of no. 23 wire are required to fill the bobbin. Assuming that 
the primary winding filk 30 percent of the bobbin winding area, 
if the primary turns are calculated to be 60 turns or less, then- the 
core and bobbin choice is correct. 

Again taking the worst-case operating condition of 90 V ac, 
Vta.rt„ = 90 X 1.4 - 20 V dc ripple and rectifier drop = 107 V 
dc Using Eq. 5-8 the primary number of turns Is calculated 

„ 107 X ly 

" 4 X 1600 X 20 X 10" X 2.02 " ^^'^ 

We round off the number of turns to 40, which is below the 
theoretical value of 60; therefore the core and bobbin choice is a 
good one. 

Step 6: Check B„„ at V,,^„, Uiing the calculated number of turns, we 
are now able to calculate the maximum working flux density 
ofthe transformer at V|B,,„. = 130 x 1.4 + 20 V defer ripple vol- 
tage = 202 V dc. Using Eq. 5-8, solving fi)r B^, 

202 X Ufi 

B , = — = IlK P 

4 X 40 X 20 X 10^ X 2.02 

The value of 3125 G is below the specified saturation flux density 
of the Ferroxcube 3CS material, which is specified as a 4400 
G at 25''C and B„ s 3300 G at lOO'C. If a greater B^ margin is 
required, then the vahie of used in step 5 must be chosen 

below 1600 G. 

Step 7: Calculate the number of layers used by the primary winding. 

From Table 5-2, we find that no. 23 AWG has a maximum di- 
ameter of 0.025 in. for double-insulation wire. The Ferroxcube 
catalog gives the bobbin window width as 0.509 in. Therefore the 
maximum number of turns per layer, using no. 23 AWG, is 0.509/ 
0.025 = 20.4 turns. Thus the primary winding occupies two 
layers, 20 turns per layer. 

Step 8: Calculate the transformer secondary turns. Because the output 
voltage is derived from a fiill-wave center-tap rectifier scheme 
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using PWM technique, then Vj = 2V„„, at minimum V^, where 
V^t is the nominal ouiput voltage and 2 is the fector that averages 
out the approximate 50 percent duty cycle. Since we want to 
maintain output voltage regulatfon at Vig^^) the number of sec- 
ondary turns required is 

We will use 4 turns in the secondary. 

Step 9: Cakulate the secondary winding wire size and number of layers. 

We have already mentioned the fact that the secondary is using 
a full-wave center-tap rectification scheme, therefore each sec- 
ondary half conducts approximately 50 percent of the load current, 
or 10 A. Taking the current density at 400 cm. /A, then for each 
half of the secondary winding we need 400 cm. /A X 10 A = 
4000 cm., which corresponds to no. 14 AWG. In order to min- 
imize copper losses due to skin effects, it is advisable to use bwer 
gauge paired conductors for each winding half, or four wires of 
200 cm, each, for the entire secondary. 

At 2000 cm., we can use no. 17 AWG wire, which has a max- 
imum diameter of 0.049 in. Then, for the entire secondary, the 
number of turns per layer is 0.509/4(0.049) = 2.69 turns. Jhere- 
fore the entire secondary of 4 turns occupies two layers. 

Step 20: Check for fit. From the Ferroxcube catalog, the height of the 

3019F1D bobbin window is calculated to be approxinnately 0.260 
in. From steps 7 and 9, the two windings stack up to a height of 
2(0.025) + 2(0.049) = 0.148 in. Assuming that an additional 0.010 
in. of tape is used for insulation and finish, the total height is 
approximately 0.160 in., which is below the available 0.260 in.; 
therefore the bobbin will comfortably accept all the transformer 
windings. 



5<6 PRACTICAL CONSIDERAnONS 

When testing the transformer in the actual application, some fine tuning 
may be required to better its overall performance. Although most trans- 
formers are manufactured stacking one winding on top of the other, as shown 
ii: Fig. 5-8a, interleaving the windings may be necessary to reduce the effects 
of leakage inductance. Interleaving is done by winding half the secondary, 
followed by the primary winding, followed by the other secondary half, as 
shown in Fig. 5-8&. 




(•) (b) 

FIGURE 5-8 (a) A standard transformer construction with stacked windings; (i) the 
same traDsbrmer in an interleaved oonfiguration, where the primary is sandwiclied be- 
hwen ■ splhseeondary wfiidfog. 



Some designs may also require a Faraday shield between the primary 
and secondary to reduce radio frequency interference (RFl) radiation, al- 
though pot cores exhibit excellent shelf-shielding properties, since all the 
windings are covered by the core material. Whatever the needs are, a good 
transformer design enhances the operation of the power supply in more than 
one way, and care must be taken during its design. 

5-7 THE FLYBACK CONVERTER'S TRANSFORMER-CHOKE DESIGN 

In Chap. 3 the basic operation of the flyback converter was described, and 
Fig. 3-4 depicted some of the fundamental waveforms associated with this 
converter. Since the isolation element of this topology has the dual function 
of both transformer and choke, the term transformer-choke has been used 
to indicate its usage. 

In the flyback converter two modes of operation are possible for the 
transformer-choke: (1) complete energy transfer, where all the energy stored 
in the inductor-transformer is transferred to the secondary before the tran- 
sistor switch is turned on and (2) incomplete energy transfer, where not all 
the energy stored in the transformer-inductor Is transferred to the secondary 
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before the transistor switch is turned on. Figure 5-9 shows the waveforms 
of the two modes of operation. 

The complete energy transfer waveforms show a high peak collector cur- 
rent during the tum-on period of the switching transistor. This means that 
a relatively low primary inductance value is needed to achieve this current 
rise, at the expense of increased winding losses and input capacitor ripple 
current. Also, the switching transistor must have a high current carrying 
L-apacity to sustain the peak current. 

The incomplete energy transfer mode, on the other hand, exhibits a 
relatively lower peak switching transistor collector current at die expense 
of a higher collector current flow as the transistor switches on, a fact which 
can lead to high transistor dissipation. However, since a relatively high 
transformer-choke primary inductance is needed to achieve this mode of 
operation, the residual stored energy in the transformer core assumes that 
the volume of an incomplete energy transfer transformer-choke will have a 
larger volume than the complete energy transfer one, ail odier factois being 
equal. 

8-7-1 DMign Proeachm 

In the following steps the necessary equations are given to design a flyback 
converter transformer-choke for a complete energy transfer mode. An in- 
complete energy transfer transformer-choke design follows the basic steps 
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FIGURE 3-9 (o) The waveforms depict tile voltage and current relationship of 
a complete energy transfer flyback traatfonner-dioke; (fc) the waveforms depict 
thMe of OB iBCOBiriete energy transfer mode. 
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given below, with some minor changes in the definition of peak collector 
current (Fig. 5-db), which may be written as {In - /,s). 

Step 1: Translbrnier peak primary current. It is necessary to calculate the 
transformer peak primary current first, which is also equal to tran- 
sistor peak collector current. From the fundamental inductor volt- 
age relatI(msliiT),-the rite of rise is determined by 

V = l| (5-13) 

Since in the complete energy transfer mode, the cumnt ramps up 
from zero to pe^ ooUector current during dte time tc v4ien the 
switch is dosed, the input voltage may be written as 

V^^l/f (5-14) 

Taking l/tc - fld„a> then Eq. 5-14 becomes 

V..^ = ¥^ • (5-15) 

where V-^ = do input voltage, V 

Lf " transformer primary inductance, mH 
/„ m peak transformer currents, A 

^ma ~ maximum duty cycle, fis 
f — switching frequency, kHz 

The output power in the complete energy transfer mode is equal 
to die energy stored per cycle times the operation frequency. 

P-. = 4WJp/ (5-16) 
Dividing Eq. 5-16 Into Eq. 5-15 we get 

which yields, by reairangiDg terms, the transformer peak primary 
current 

9P 

= = (5-17) 

Step 2: Relate minimum and maximum duty cycles. In the flyback con- 
verter, regulation is accomplished by'vs^ng tlie duty cycle of the 
switch throu^ predetermined limits, which are designa^d as 
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and Smx- If the converter input voltage varies from to 
then 

= (1 - d^K -H 6„ ^^^^^ 



where 



K = ^ (5-19) 



Step 3: Calculate transformer primary inductance. Since peak piimaiy cur- 
rent is now known, the transibnner-chcfke primary inductance may 
be calculated by 

p « — r-p- (5-»)) 

hp J 

Step 4: Select the minimum size core. From a magnetic core catalog pick 
the core material and geometry which best suit your application. 
If we were to wind only the primary winding into a bobbin, the 
winding area and the core effective area A, would be related by 

A^. = m^d^ ' (5-21) 

wdieie D is the diameter of the insulated wire (heavy polynylon . 
wire is recommended), and ~ 

Since we are to design a transformer-choke, a secondary winding(s) 
will also be associated with the design. Assuming that the primary 
winding occupies 30 percent of a bobbin available winding area, 
70 percent will be reserved for the secondary, for air space around 
round conductors, and for insulating tape. Therefore the right-hand 
side of Eq. 5-21 must be multipUed by 3 to take the transformer- 
choke secondary into account. Experience dictates that an extra 
safety factor must be added; therefore the multiplication factor will 
be 4, and Eq, 5-21 become's 

of course Eq. 5-22 gives a first-order approximation and the final 

core and bobbin choice may varyr 

Step 5: Calculate the core air gap length. The flyback converter is operating 
slngle-endedlyi that is, the transformer-choke uses just half the flux 
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capacity, since the current and flux never go negative. This bet 
may present a potential problem, driving the core into saturation. 

To handle the problem two solutions are possible. First, use a 
core with a very large volume, or second, introduce an air gap in 
the flux path to flatten the hysteresis loop, thus lowering the work- 
ing flux density for the same dc bias. Normally, designers perfer 
the second solution, which offers more compact transformers to be 
manu&ctured. 

The air gap presents the largest magnetic reluctance in the flux 
path, aud most of the stored energy in the transformer-choke is in 
the air volume whose length is I,. Then 

iMlf-(iB„Htj,)10» 

where 



and 



Ho = air permeability - 1. Therefore, the air gap length is given 
by 



If an E-E type core, or similar type, is used to construct the trans- 
former-choke, the center leg may be gapped to the air gap length 
Ig, or L may be equally divided between die outside legs of the 

core if a spacer is used. 

Step 6; Calculate transformer number of primary turns. Knowing the air 
gap length, the primary number of turns of the transformer-choke 
may be calculated as follows: 

= ^ (5-24) 

The same result may also be derived by using the following equiv- 
alent equation: 

N, - (5-25) 
Either £q. 5-24 or 5-25 will give the same results. 
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Step 7: Calculate number of secondary turns. The secondary voltage Vj 
must be calculated when the input voltage (i.e., primary voltage) 
is at its minimum with the duty factor at -its maximum. It should 
also be noted that V^~i~ - lAV^ - 20 V dc ripple voltage and 
diode drop. 

Taking the output rectifier diode drop into account, (he output 
voltage of a spedBc secondary winding is written 



I - d^N, 
Accordingly, 



V A ^^'^^^ 



DESIGN EXAMPLE 5-2 

Design the power transformer to be used in a 100-W, complete energy 
transfer flybadc converter (see Fig. 3<4), delivering 5 V dc at 20 A at the 
output, and cqjeratlng over an input voltage range of 90 to 130 V ac. 

DESIGN PROCEDURE 

Step 1: Calculate the peak primary current. Assume that the converter has 
a maximum duty factor = 0.45. Since the minimum ac voltage 
input is 90 V, then Vfe.™., = 90 x 1.4 - 20 V dc for rip^ 
and diode drop > 107 V dc. Using £q. 5-17, the peak primary cur- 
rent is 

■ 4.15 A 



107 X 0.45 

A switching transistor which can handle this peak collector current 
at turn-on must also be used in the design. 

Step 2: Find the m inimum duty factor S^. The maximum dc input voltage, 
after rectification, is 

V;,.,i, - laOVac X 1.4 - OVdc ripple - 182Vdc 

Allow a 10 percent margin, then = 200 V dc. Also allow a 

7 percent margin on the V,^ voltage, then = 100 V dc. 
'-■ Consequently the iiqtut .vdtage ratio K is 

«■ y|ii,m« _ 200 _ - 

~"100"^ 
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Using Eq. 5-18 

S ^m.. _ . 0.45 

(1 - + (1 - 0.45)2 + 0.45 " 

Therefore the conveiter will operate over the duty ratio range of 
0.29 < 6 < 0.45 for the input voltage range of 200 V dc > Vi, > 
100 Vdc. 

Step 3: Calculate transformer primary inductance. Using Eq. 5-20 yields 

r 100 X 0.45 

^-"~7;;r" 4.i5x2oxio^ = Q-^^^o"" 

Therefore 

L, " 540 

Step 4; Select core and bobbin size. Choose a design current density value 
of 400 cm./A for the winding magnetic wires. TTien 

400c.m./A X 4.15 A - 1550 cm. 

From Table 5-2, the value of 1660 cm. corresponds approximately 
to AWG no. 18, which has a diameter of 0.044 in. 

We will also choose a Ferroxcube 3C8 material, E-C type core. 
The 3C8 ferrite material has a B», = 3300 G at lOCC, and for this 
-dfestgn B„ = BJ2 " 3300/2 = 1650 G. Accordingly, 

_ (25.32MffP')10' 

_ 25.32 X 540 X ly X 4.15 X 0.044» X lO' 

ieso = «"* 

From the Ferroxcube catalog (tie EC70-3C8 core and TOPTB bob- 
bin yield 

A,A, = 2.79 X 4.77 = 13.3 cm^ 

This A,Aj value is of course much higher than the required one, 
but it is the only core available in die catalog which satisfies 
the requirement A, A, s 6.7 cm*. We will use this core-bobbin 
combination for the design. 

Step 5: Calculate the air gap length /„. In order to be able to use an 
ungapped core the effective core volume t), listed in the catalog 
must be equal to or greater than the theoretical v, value given by 

.^^ (0.4;t)10^Lf/^) 
B— If 
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Since we choose B«« » 1650 G at 100°C, fix>m the 3C8 material 
magnetization curves in the Ferroxcube catalog we find H - 0.4 

Oe. Therefore 

^ 0.4 X 3.14 X 10» X 0.54 X IQ-^ x 4.15- 
"•^ 1650 X 0.5 

- 1415 cm» 

This effective ungapped core volume requires a very large core 
size, since the EC70-3C8 core lists an effective core volume of 18.8 
cnP only. In order to be able to use the EC70-3C8, it must be 
gapped to a length Ig given by Eq. 5-23; 

, (OAKLpI%)l(fi 11.66 X ly 
" A.BS.„ " 75.96 X Itf '^-^^ 

The center leg of the E-C coie may be gapped to 0.15 cm, or a 

spacer 0,075 cm thick may be placed between the outer legs of 
the core in order to achieve the same gap efiect. 

Step 6: Transformer primary number of turns. Now that all parameters are 
known, the primary number of turns to achieve die desired in- 
ductance is calculated using Eq. 5-24 

^ 1650 X 0.15 ^ . 
' OAnlpp 0.4 X 3.14 X 4.15 ••«"■""» 

We will use 48 turns in the primary. Using Eq. 5-28 to calculate 
the primary number of turns 

^ CW^ ^ 0.54 X 10-3 , 4.15 , 
A,B,^ 2.79 X 1650 

Thus, both equations give equivalent results. 

Step 7; Transformer secondary number of turns. Using Eq. 5-26, we get 

J, ft^FCVo.. + Vd)(1 - 48(5 + 1X1 - 0.45) 

V,„.^J™. ' 100X0.45 

=• 3.52 turns 

Since there will also be some voltage drops in the printed dicuit 
conductors and the output winding copper conductors whidi were 
not taken Into account in the above equation, die number oF sec- 
ondary turns may be taken to be .Vj = 4 turns. 

The output voltage on a flyback converter requires a single wind- 
ing, one diode, and a cqMcitor^ as shown in Fig. 3-4. In order to 
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deliver 20 A of output current at 400 cm. /A, a wire of 20 x 400 
- 8000 cm. is required. To minimize losses due to skin effect, 
fiaur wires in parallel of 2000 cm. per wire will be used This 
corresponds to using four AWG no. 17 wires in parallel. 

There should be no problem in fitting all the windings, plus 
- ' insulation, in the chosen bobbin because the A,Ac product was 
mudi larger than the calculated one, by a &ctor of 2. 



5-8 SOME GENERAL HIOH>FRECkUENCY 
TRANSKHMR CONSIDERATIONS 

In the previous paragraphs, some practical and fundamental design equations 
and procedures were given for the design of the isolation transformer of 
certain types of converters. The majority of the design equations are fun- 
damentally valid for any type of magnetic circuit, and they may be adapted 
to solve a-variety of magnetic, applications, «4iether trutsformers, chokes, 
or a combination of both. 

In general magnetic components used in the construction of a switching 
power supply have to comply with certain national or international safety 
standards. Thus, for the North American countries, standards set by the 
Underwriters Laboratories (UL) for the United States and Canadian Stan- 
dards Association (CSA) for Canada are valid. For European use, the West 
German Verband Deutscher Elektronotechniker (VDE) safety standards 
have become the most pc^ular design guidelines, since they are considered 
to be the most stringent. 

There are some fundamental differences between the UL and VDE safety 
standards, the UL concentrating more on preventing fire hazards, while the 
VDE is more concerned with the safety of the operator. In constructing an 
isolatkm transformer, UL and CSA limit the winding temperature rise to 
65°C above ambient for class 105 Insulation and to 85^ above ambient for 
class 130 insulation, 

In any case, it is a good design practice to keep the temperature rise of 
a switching power supply transformer to a low value, since most of these 
transformers are constructed using ferrites, which have thermal limitations. 
Ferrites have a Curie temperature of about 200°C, which limits their op- 
erating core temperature to about ]00°C. Curie temperature is the tem- 
perature' at which a material dianges its ferromagnetic properties and 
becomes paramagnetic. 

The VDE safety standards, on the other hand, have strict requirements 
for specific winding techniques and input-to-OUtput isolation requirements, 
whidi may require a 3750-V ac hi-pot test potential. An extensive discussion 
of these safety requirements is given in Chap. 11. 
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Varnish impregnation may not be necessary with a ferrite transformer, 
since oxidi2ation of the core due to moisture, as was the case with iron 
laminations, is not a factor. Also the acoustical noise which was associated 
with kw-frequency transformers is not present In the ferrite high-frequency 
transformers, which generally opemte above the human acoustical range: 
That is not to say that ferrite transformer assemblies may not generate 
medianical or acoustical noise. They may, because whatever they are 
mounted on acts as a sounding board. A phenomenon associated with ferrites, 
called magnetostriction, shortens or lengthens the part due to the applied 
magnetic field, which in turn causes mechanical resonance of the core as- 
sembly. In fact magnetostriction changes polarity, from negative to positive, 
as the temperature of the core rises. Therefore, care must be taken to use 
proper methods when mounting the transformer to the board, in order to 
reduce or eliminate any acoustical mechanical noise. 
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THE OUTPUT SECTION: 
RECTIFIERS, INDUCTORS, 
AND CAPACITORS 



6-0 MnODUCnON 

In general the output section of any switching power supply is comprised 

of single or multiple dc voltages, which are derived by direct rectification 
and filtering of the transformer secondary voltages and in some cases further 
filtering by series-pass regulators. These outputs are normally low-voltage, 
direct current, arid capable of delivering a certain power level to drive 
electronic components and c^cuits. Most common output voltages are 
5 V dc, 12 V dc, 15 V dc, 24 V dc, or 28 V dc, and their power capability 
may vary from a few watts to thousands of watts. " 

The most common type of secondary voltages that have to be rectified in 
a switching power supply are high-firequency square waves, which in turn 
require special components, such as Schottky or last recovery rectifiers, low 
ESR capacitors, and energy storage inductors, in order to produce low noise 
outputs useful to the majority of electronic components. 

This chapter describes the characteristics, merits, and limitations of the 
components used in the output section of the switching power supply. Design 
equations and procedures are also developed to aid the reader in the practical 
appllcatioii-of these components^. 

6-1 OUTPUT RECTIFICATION AND FILTERING SCHEMES 

The output rectification and filtering scheme used in a power supply depends 
on the type of supply topology the designer chooses to use. Hie conventional 
flyback converter uses the output scheme shown in Fig. 6-1. Since the 
transformer Ti in the flyback converter also acts as a storing energy inductor, 
diode Di and capacitor C> are the only two elements necessary to produce 
a dc output Some practical designs, however, may require the optional 
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Optional 




nCURE 6-1 Ootpu. section of a flyback type «Hching ^ .«PP»y 

insertion of an additional LC ^^-^^fZ^'^^t^;^' Tl^^ 
to suppress high-frequency switching spikes. The pfty 
values of both L and C will be small. , ^^-^^ is 

An iniportant factor in the design "^^^^ ^^'^^ L'*'^ '^'^ 
the minimum dc blocking ^'^^^iZ^^^ff^ ^ack converter, 

•"^roV section of a forward -e- Is s^^^^^^^^^^ 
the distinct differences in the^^f^^^^S a d Iho inductor L. precedes 
extra diode D„ ^^"^^ S^'J, p^des current to the output during 
the smoothing capacitor. DlodS provwes ^^^^ be 

the off period; therefore, ^^^^^ /"-^'"f ^^^S^^^ 

capable Of delWeringfaUoutp^^^^ output section 

Zf^l^X^ ^ ?s^Jfo& half-bridge, and fuU-bridge 

converters. 




FIGURED Om^^^'X'^f^*^''^^''^- 



jm 




nCTOEM Ortp«t«dtonofpu,l.pdl.h^*ridg.,ar(aUbridieswit^ 
supply. 



Since each of the two diodes D, and provides current' to the output 
bince Lacn oi n ^^^^ equally. An 

VT^^ltt'is ?L no fl^^^ because either diode 

^nTfl'yShee'tt\re^^^^^^ 

t rev" se bTocking capability of [2.4V^ (V^»./V^]. 

■n^e switching power supplv demands that power rectiBer diodes must have 
Sv f^rSage drop fast recovery characteristics. «nd adequate po>^r 
Sociability. Ordinary PN junction diodes are not suited for switchmg 
wTn^ basically because of their slow recovery and low efficiency. 
tT^ s o r Ses are commonly used in switching power sup- 

Ses W high-efficiency fast recovery. (2) high-efficiency very fast e^ 
K (3) Sdiottky barrier rectifiers. Figure 6-1 shows the typical forward 
Slal?^«rf these diode tvpes. It can be seen from the graphs that 
fcS ^SeV rectifiers exhibit the smallest forward voltage drop, and 

tiS^I^Ssuggests usage inswitch-modepow^ 

6-M Fart and V«rY Fast Recovery Diodes 

^ ,na verv fast recovery diodes have moderate to high forward voltage 

j Fast and very tast recovery u Because of this and because of 

drop, ranging anywhere from 0.8 to 1.^ v. uecausc u. 
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40 
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0.5 1.0 1.S 2.0 Vf.V 

cwrmt levds, for («) a Schottky bairfer rectifier, (k) a very tut recovery 
rectifier, and (c) • coaventiomd fast rccowry rectifier. 

their normally high blocking voltage capabilities, these diodes are particu- 
larly suited for low^power, auxiliary voltage rectification for outputs above 
12 V. 

Because most of today's power supplies operate at 20 kHz and above, the 
fast and very fast recoverv' diodes offer reduced reverse recovery time tgg 
in the nanosecond region for some types. Usually the rule of thumb is to 
select a fast recovery diode whk:h will have a tm value at least three times 
lower than the switching transistor rise time. 

These types of diodes also reduce the switching spikes that are associated 
with the output ripple voltage. Although "soft" recovery diodes tend to be 
less noisy, their longer t^n and their higher reverse current Im create much 
higher switching losses. Figure 6-5 shows the reverse recovery characteristics 
of abrupt and soft recovery type diodes. 

Fast and very fiist switching diodes used in switch-mode power supplies 
as output rectifiers may or may not require heat sinking for their operation, 
depending upon the maximum working power in the intended application, 
formally these diodes have very high junction temperatures, about 175°C, 
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and most manufacturers give specification graphs, which will allow the de- 
signer to calculate the maximum output working current vs. lead or case 
temperature. 

6-2-3 Sehettky Barrier R«eini«n 

UlC graph in Fig. 6-4 reveals that the Schottky barrier rectifier has an 
extremely low forward volt^e drop of about 0.5 V, even at high forward 
currents. This fact makes the Schottky rectifier particularly effective in low 
voltage outputs, such as 5 V, since in general these outputs deliver high load 
currents. Moreover, as junction temperature increases in a Schottky, the 
(brwaid voltage drop becomes even lower. 

Reverse recovery time in a Schottky rectifier is negligible, because this 
device is a majority-carrier semiconductor and therefore there is no minority- 
carrier storage charge to be removed during switching. 

Unfortunately, there are two major drawbacks associated with Schottky 
barrier rectifiers. First, their reverse blocking capability Is low, at present 
time approximately 100 V. Second, their higher reverse leakage current 
makes them more susceptible to thermal runaway than other rectifier types. 
Hiese problems can be averted, however, by providing transient overvohage 
protection and by conservative selection of operating junction temperature. 

6-2-Z Transient Overvoitage Suppression 

Consider the fiill-wave rectifier, shown in Fig. 6-3, using Schottky rectifiers 

Di and Dj in a PWM regulated half-bridge power supply. The voltage Vj 
across each half of the transformer secondary is 2Vo„, minimum; therefore 
each diode must be capable of blocking ZVj at turn-off, or 4Vou,. 

Unfortunately, the leakage inductance of the high-frequency transformer 
and the junction capacitance of die Schottky rectifier form a tuned circuit 
at turn-off, which introduces transient overvoitage ringing, as shown in Fig. 
6-6. The amplitude of this ringing may be high enough to exceed the blocking 
ct4>ablllties of the Schotdcy rectifiers, driving them to destruction during 
the turn-off period. 

The addition of RC snubber networks will suppress this ringing to a safe 
amplitude, as shown in the lower waveform of Fig. 6-6. There are two ways 
of incorporating AC snubbers at the output of a power supply to protect the 
Schottky rectifiers, For high current outputs the snubbers are placed across 
each rectifier as shown in Fig. 6-7a, while for low current outputs a single 
RC snubber across the transformer secondary winding, as shown in Fig. 6- 
Ib, may be adequate. Another solution is to place a zener diode, as shown 
in Fig. 6-7c, to clamp the ewessive voltage overshoot to safe levels. Although 
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FIGURE 6-6 Upper waveform shows ringing during 
Schottky rectifier tumH>ff. Lower waveform shows the i 
rediiier afiar transient suppression lias l>een added. 



this method works well, the slow recovery of a zener may induce noise spikes 
at the power supply output, which may not be desirable for low noise ap- 

phcations. 

It can be shown that the value of the snubber resistor B, may be found 
by equation 

R. ^ (6-1) 

u4iere Lt transformer leakage inductance, ftVl 

Cj = Schottky junction capacitance, pF 
n = primary-to-secondary turns ratio, iVp/Ns 

The value of the snubber capacitor C, may be arbitrarily chosen to be 
anywhere from 0.01 to 0.1 ftF. 

The power dissipated in the resistor may be found by 

)/ (6-2) 



where /is the converter's operating frequency. 

Proper selection (tf the snubber cs|>adtor C, makes the snubber effective 
and less dissipative. 
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6-2-4 Calculating the RecHfier Diode 
P«ak Current Capability for ttie Flyback, 
FQfwaid, and Push-pull Converters 

As mentioned in previous discussions, the output diode in a flyback converter 
conducts only during part of the converter switching cycle namely when 
the switching transistor is off. Accordingly, one has to expect that the ou^ut 
rectifier must have the current capability of providing full output current 
during the conduction time period (Fig. 6-1). 

The minimum peak forward current which the output diode must provide 
is given by 

. ^« - TZ-s;^ (6^) 

where is the converter's maximum duty factor. 
Assuming 3^ = 0.45 for the flyback converter, then 

IpH ~ 3.§.J„ (6^) 



EXAMPLE 6-1 

Calculate the output rectiiier peak forward current rating which may be used 
in a 100-W PWM flyback converter, providing 5 V dc at 20 A output, working 
with a duty factor = 0.45, at a frequency of 20 kHz. 

soLimo.N - 
From Eq. 6-4 we get 

ha = 3.6 /o., = 3.6(20) = 72 A 

Therefore a rectifier which can provide 72 A peak repetitive forward current 
at an approximate duty cycle of 45 percent must be used in this design. 



In the forward converter, the selection of output diodes becomes more 
involved, since one also has to calculate the peak forward current capability 
of the flywheel diode (Fig. 6-2). On the other hand, because in the fonvard 
converter energy is continuously flowing to the output load, the peak forward 
current will be lower for each diode than in the case of the flyback converter. 
The peak forward current for the output diodes of a forward converter is 
given by 

hM = h^^D (6-5) 
where So is the duty factor of either the rectifier or the flywheel diode. 
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E3UMFLE 6-2 

Calculate the rectifier and the flywheel maximum forward current rating for 
a forward PWM converter with the specifications given in Example 6-1, 
working over an input voltage range of 90 to 130 V ac. 

SOLUTION 

The rectifier diode peak forward current is, using Eq. 6-5, 

I™ '/-.^M- 20(0.45) - 9A 

A rectifier diode with a 10-A rating at 45 percent duty cycle is used. Hie 
nuudmutn duty fector of the flywheel diode is 

SoF- 1-3^-1- dJ^] (6-6) 

\ ' in, max/ 

Take V^,^ = 90V2 - 20 V do for ripple = 106 V do. We will use 100 V 
do. Also, Vta,M, - 130V2 - 182, (Jse 190 V dc. Then from Eq. 6-6 

So.- I- 0.45(^) = 0.76 

Consequently, the forward current in the flywheel diode is 

leu = 20(0.76) = 15.2 A 
A diode rated 20 A at 76 percent duty cycle should be used. 

In the push-pull family converters, the output rectifiers provide equal 
current to the output load during equal conduction cycles (Fig. 6-3). This 
output scheme is also valid for the half-bridge and the full-bridge circuits. 

Because the output of a push-pull converter works as two back-to-back 
forward converter outputs, maximum forward current for each rectifier is 
given by Eq. 6-5. 



EXAMPLE 6-3 

Calculate the maximum forward current rating for each output diode rectifier 
of a half-bridge PWM converter with the specifications given in Example 
6-1, 

SOLUTION 

The converter's switching period is 



1 1 



nC OUIPUr SECnON: RECTIFERS. MDUCIORS. and CAPAOrORS 143 



Assuming a dead time of 5 /is between each alternative half cycle, then the 
conduction time for each rectifier is 20 /iSi Accordingly, each diode duty 
factor is dm * 20/50 - 0.4. Froni Eq. 6-5 we get 

Ire = 20(0.4) = 8 A 

Therefore each rectifier may have a minimum rating of 8 A at 40 percent 
duty cycle. (In practice 10-A rectifiers should be used.) 

As was previously explained, one of the output diode rectifiers acts as a 
flywheel diode when the other rectifier is turned off. In this case, each diode 
conducts for 5 /is in the flywheel mode for 3^^ = 5/50 = 0.1. Therefore 
the current provided to the output during the dead time by each rectifier 
diode Is 

Inn = 20(0.1) = 2 A 



It is recommended that a thermal analysis be made for the rectifier's 
Intended use, and adequate heat sinking must be provided to avoid destruc- 
tion due to thermal runaway. Normally a manu&cturer provides curves of 
diode currentidfgrMing vs. case temperature, which should be consulted 
during the design. 

For higher current outputs, diodes may be paralleled to share the load 
current. Direct paralleling of diodes must be avoided; instead using separate 
secondary windings feeding individual diodes, as shown in Fig. 6-8, is rec- 
ommended. 




O *■ 



out 



FIGURE 6-8 Separate secondary viinSbtgf ieeding individual diodes should be used 
wiwre Increased output current capacfly is needed. Direct diode paralleling must be 
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6-3 SYNCHRONOUS KCTiniRS 
6-3-1 69neral ConsidMcrifora 

As digital integrated circuit manufacturers arc working toward implementine 
more electrical functions and circuits on a single silicon chip, the need for 
lower bias voltages is necessary. Manufacturers of digital ICs have stan- 

and to 2.8 ± 0.8 V for battery operation. 

These nesv voltage standards have forced design engineers of switching 

power supplies to explore the possibility of using devices other than junction 

diodes for rectification In onler to reduce the power losses encountered at 

the output section of the power supply. For instance, power losses per diode 

TI! ""'P"* 5*"™" "«I«2ing center-tap rectification topology using con- 
ventional rectlBers is given by f 6/ • •& <-"n 

P = (VfUS^ (6.7) 
where is the diode forward voltage drop, is the power supply rated 
output current, and <5„«. is the input waveform duty cycle, 

Since the power dissipation Is directly proportional to the diode s forward 
voltage drop, even the best Schoftky rectifiers with a 0.4-V forward voltage 
drop may account for up to 20 percent of the total input power loss, h 
recent years the power MOSFET with low has provided an alternative 
usSSt:f.!!:T prices of MOSFETs keep dropping, circuits 
using IWOSFETs as synchronous rectifiers have started to appear in switching 
power supply designs. * 

f conventional rectifier the power MOSFET synchronous rec- 

tifier exhibits practically no switching losses due to Its fest switching times 
while Its power loss when on and working with a center^tap rectification 
topology is given by 

P = d(iios.oJ^m„ (6-8) 

where Ros.^ Is the MOSFET on resistance. 

Another practical synchronous rectifier is realized using a specialized 
bipolar transistor, such as the BISYN series offered by Unitrode Corporation 
Bipolar synchronous rectifiers match or exceed the merits of their MOSFET 
counterparts vnth some added features. The power loss of a bipolar svn- 
chronous rectifier is directly proportional to its collector-emitter M resist- 
ance and for center-tap applfcations is given approximately by 

^ ~ iia(Rct,adSma (6-9) 

The following paragraphs describe the characteristics of the MOSFET 
d^L rlL *° reader With 



THE OUTPUT SECnON: RECTHERS, INDUCTORS, AND CAPACITORS 14S 



EXAMPLE 6-4 

Find the power kisses encountered In die output section of a center-t:|>ped 
fiill-wave rectifier section of a 3-V, 30-A circuit using the following rectifiers: 
(a) Sdiottky diodes with a V/ = 0.6 V, (b) power MOSFET synchronous 
rectifier with flos,« - 0.018 a and, (c; 3ISYN synchronous rectifier with 

Rcs^m - 0.008 n. 

The swltdiing wavefimn has 0-45 with a dead-time period of 0.05. 

SOLUTION 

1. From Eq. 6-7 using Schottky rectifiers: During the positive half cycle 
when the first diode conducts power, dissipation is 

Pi = (VfUS^^ = (0.6)30(0.45) - 8.1 W 

During the dead time t^, the second diode acts as a flywheel diode 
dissipating 

= (0.6)(3)(0.05) = 0,9 W 

During the negative half cyde of the input waveform, die Moond diode 
has the same power diss^ftation as above. Therefore the total power loss 

in the circuit is 

P, •= 2(P, + Pj) = 2(8.1 + 0.9) = 18 W 

2. From Eq. 6-8 using the power MOSFET and repeating the above pro- 
cedure, total power diss^iatlon is found to be " 

P, = 2(7.29 + 0.81) = 16.2 W 

3. From Eq. 6-9 the total power loss using a BISYN bipolar synchronous 
rectifier is found to be 

P, = 2(3.24 + 0.36) = 7.2 W 



The Pow»r MOSFET as a Synchronous Rectlflor 

Figure 6-9 shows a practical implementation of a center-tapped fuU^wave 
output section of a swltdiing power supply utilizing power MOSFETs as 
synchronous rectifiers. 

MOSFETs Qi and are selected to have minimum possible fios.oo at 
maximum output current, in order to increase efficiency. Transformer wind- 
ings Nt and ^4 are used to turn on the MOSFETs at opposite half cycles of 
the Input waveform. li ls beneficial to overdrive the gate-to-source voltage 
in order to minimize Rm^. Carefol selection of resistors A, dirou^ A4 will 
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also minimize the f f '^'"VX-Siu^dTole^durinT^^^^^^^ 

the MOSFETs, and they act as fr^ J^^^^^J'g^ l. Since they share 

fonn dead time V° A^pS 

the load current ^^nng this penod^^n ^^^^ ^ e'^'^,^^^^, 

diodes, that is. /g 10) 

RosJi^) ^^^^^ 
Figure 6-10 shows the -P^ementation of MOSF^^^^ 

.e 'ler in a single-ended fonvard -^f £ J^^^ ^-^^f ^" ""^'^ 
o, turns on by the gate-to-source ^^jTSe ae ^ ^ 

^ sRive cycle of ^^^^J^tZ^^-^ ^ -P^^'^^ V 
rl"SE?Q; TfnZ':Ton through coupled >vindmg N3 
S energy stored in the - J-^^^"^^^^^^ parameters for use in this 
T^e criteria for ^^^SS cTn^ration output circuit Flyb«k 

Circuit are the same as m i„ Fig. 6-10. wi&out the 

circuit output sections are implementea ^ 
use of'MOSFET 
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nCUBE 6.10 Circui.taple»«U.«oarf.forw.rd.an«r«rou.p»tsec^ 
MOSFETs as synchronoo* reetffieri. 

The BIppkir Synchronous Rectifier 

S'sSJTSz S<^e t^Cen^y the MOSFET do„.inates). Coupled with 
STprii! aS iUroved tem'perature coefficients compared to power 

^^^!^?xample the BISYN series of bipolar synchronous rectifiers offered 

.\ i™nl*.n,entation of bipolar synchronous rectifiers is shown in 
Fif Sffo a'trS^ed ou^^ c^^it In this circuit synchronous 
Stlfier 0 i^ inducing when the input waveform goes positive pro^.dlng 
rectiher yi » free-wheeling, which provides a path for 

r:Ztl^r™ d^^^^; Tt;ut Waveform dead-time period 
TtS inice he voltage across the secondary windings has coHapsed. 
L il^Srrfo^ard-biased due to the voltage potential developed aaoss 
but diode D, is ^"^"^ . t^rn-off of synchronous rectifier Qv 
"ttrS *1 StSnTfiow ^^11 tum'on synchronous rectifier 
O nd i v^S ^mafn on for the negative duration of the input waveta 
?nk mainrtlli^ig current drops below diode D. cunent. l.e.. during the 
positive cyde of Ae Input wawefom. 
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FIGURE 6>il Bipolar synchronous rectifiers Q, and Qt used in a «enter>ta|ip«<l 
circuit (Cdctrtiiy UMtro(& Corporation.) 



Figure 6-12 depicts the operation of bipolar synchronous rectifiers in a 
single-ended forward converter output section. 

In the following discussion, it is assumed that the single-ended forward 
converter has an onetime duty cycle of ^50 percent. Looking at the circuit 
when current flows in the primary winding of transformer Ti, voltage is 
induced in the secondary windings with the polarity shown by the dotted 
ends. At this time syndrnmous rectifier Qi turns on, allowing current to 
flow to the ou^ut. Because of the polarity of the coupled wnding to the 
output inductor L, synchronous rectifier and diode Dj are off. During 
the off period of the input waveform, rectifier Qi turns on, sustaining output 
current through inductor L. Base drive energy is delivered through winding 
Ni, while diode Dj stUl remains off. 

When the transformer primary windings are turned on again, the voltage 
across winding N3 is clamped to near zero by diode Di and the forward- 
biased base-collector junction of Qi. 

Since winding N3 is essentially shorted, Qi is still off due to lack of base 
drive, while ^2 is rapidly shutting off. At that point Di is reverse-biased 
allowing voltage to build up in the secondary windings, turning synchronous 
rectifier Qi on through winding Ny. 

The utihzation of windings and Ni circumvent the long recovery time 
of the synchronous rectifier Qt (300 to 400 ns), dius reducing excess output 
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FIGURE 6-12 Implenientatian of bipolar synchronous rectifiers in a single-ended for- 
ward cmverler output sectjon. (Courtesy UnUrode Corporation.) 

current overshoot and ringing which, reflected back into the primary, may 
damage the switching transistor. 

6-3-4 Output Voltage Regulation Using Bipolar 
Synciironous Rectifiers and PWM Regulator Techniques 

As we previously mentioned, because of the symmetrical blocking capabil- 
ities of the bipolar synchronous rectifier, any output of a switching power 
supply may be rectified and independently regulated using local PWM tech- 
niques. 

Figure 6-13 shows a practical implementation of such a circuit, rectifying 
and regulating a low-voltage, high-current output in a single-ended forward 
converter, using a Unitrode Corporation BISYN synchronous rectifier and 
a UC3525A PWM control circuit. 

Since the biasing requirements of the BISYN Q, necessitate the use of 
positive and negative power supply voltages, the PWM circuit is biased 
using ±12 V generated by rectifying and filtering the secondary voltages 
developed by windings Ni and N3. 

Transistor ^3 is used as a current source to level shift the output voltage 
in order to drive the inverting input of the PW.VI error amplifier. The output 
voltage is developed across resistor Rg and diode D4. This diode is used to 
temperature compensate for the Vge voltage drop of transistor Q3. 

Ilie drive current to the BISYN is hmited by resistor As during the PWM 
on time, except at initial turn-on when the bias drive current may be a few 
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-12V 

FIGUBE 6-13 A BISVN synchronous rectifier Q, and a PWM control IC are used to ac- 
compHsh both rectification and reguiadoo of a 3-V output. {CourUty Unitrode Corvoration.) 



magnitudes higher than steady-state current. Negative turn-off CDnrent is 
provided by the PWM totem pole output during the off period. 

The free running frequency of the PWM is set by resistor Re and capacitor 
C4 and may be higher than the switching frequency of the power supply 
itself. Synchronization is accomplished by transistor Qi, diode D5, and 
and Cj. Diode Ds clamps the negative vdtage excursion of the difierenUalor 
cinniit Ri/Cg to prevent malfunction of the control circuit. 

6-3-5 A Current-Driven Synchronous Rectifier 

A current-driven synchronous rectifier may be implemented using a power 

MOSFET and a handful of external components, as shown in Fig. 6- 14a. 
The power MOSFET utilized in this design must have a low Rds.„„ at the 
required current of operation. During implementation of the circuit shovra 
in Fig. 6- 14a, a Motorola TMOS device, the MTM60N05. was used, which 
has an flps.o,, ^ 30 mSl at 10 A. 

Referring to Fig. 6-14o, transformer Tj is a current transformer with 
windings Ni. Nj; Nj, having a 1 : 25 : 3 turns ratio. A voltage applied at terminal 
A will cause a source current I, to flow through winding Ni. In turn, a current 
of 0.04/, A is induced in winding N2, flowing through diode D, into the gate 
of power MOSFET Qi. This current will charge the FET input capacitance 
C^, turning the transistor on. Transformer Ti is designed so that it will 
saturate at sdme point. Saturation of the core terminates the charging of the 
FET input capacitance, since till transformer windings appear shorted. Con- 
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FIGURE 6-14 (a) A current-driven synchronous rectifier circuit and its sug- 
gested symbol, (fc) and (c) Applications of the synchronous rectifier in a full-wave 
center-tapped rcctificatioa scheme and u single-ended forward converter output 
Kheme. (Ccwrfesp Motonob SemiamdiKlqr Productt, Inc.) 
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sequently, because of the polarity of winding transistor ^2 remains off 
throughout the charging and terminating cycle, diode D, is reverse-biased, 
and the input capacitance holds its charge. In this state, Q, is fully enhanced 
allowing all the Z, current to flow through it. Due to the low Rd,,o„ of the 
FET, Q] is acting as a high-eificiency rectifier diode. The stored magnetizing 
current in the transformer Ti, if unopposed, will cause the windings to 
reverse their polarity, 

Vfhen this happens the base of bipolar transistor Qt becomes positive, 
turning it on, thus discharging the FET input capacitance turning Qi off, 
which in turn blocks the flow of /,. Resetting of the transformer core takes 
place at this time also. The base-emitter drop of Qt clamps the reset and 
guarantees that Qi is conducting during the critical high dv/dt recovery 
interval of pi. This prevents false turn-on of Q, under any circumstance. 

The absence of any external control or timing signals makes this circuit 
a true two-terminal rectifier. Figures 6-l4b and c show how this rectifier 
circuit may be implemented in a fijll-wave center-tapped rectification scheme 
or in a single-ended scheme. 



6-4 OUTPUT POWER INOUCTOR DMON 
6-4-1 e«n*ral Conslderalfons 

Most switching power supply designs use an inductor as part of their output 
filtering configuration. The presence of this inductor is two-fold: filrst it stores 
energy during the off or "notch" periods in order to keep the output current 
flowing continuously to the load, and second it aids to smooth out and average 
the output voltage ripple to acceptable levels. 

There are a variety of cores that an engineer can use in the design of 
inductors, the most popular materials used in present-day high-frequency 
switching designs are ferrite cores, iron powder cores, and molypermalloy 
(MPP) cores. All of these cores are good for power inductor designs, and 
basically the criterion of choosing one vs. the other is based on factors such 
as cost, weight, availability, performance, and ease of manufacture. 

Iron powder and MP P cores are generally offered in toroid forms, and 
they are well suited for power chokes because of the folbwing characteristics: 

1. High saturation flux density B.^, up to SOOO G. 

2. High energy storage capability. . . 

3. Inherent air gap eliminates the need of gapping the core. 

4. Wide'^hoice of Oxes. 
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Ferrite cores, on the other hand, have to be gapped because of their low 

saturation flux density B^, they are more temperature sensitive, and they 
tend to be bulkier. But if pot cores are used for output chokes, radiated 
EMI will be reduced because of the inherent shielding properties of the pot 
core. Also, fierrite chpkes are easier to wind, especially if heavy-gauge wire 
Is involved. 



6-4-2 Deriving IbeDMlgnEqucrtlpns 

Consider the output section of a PWM half-bridge converter depicted in 
Fig. 6-15a. The output waveforms E^, and £ggt are shown in Fig. Q-lSb, as 
well as the avcinlge load current Imt with ripple A/ riding on it 

From basic electrical theory, the voltage across die inductor is given by 

. -* (U 

Vi-Lj^ (6-11) 

Since 
and 

d, = AZt 

then. Eq. 6-7 may be wiitte^, solving for L, as follows: 

L = t^"' -J'^^* (6-12) 

In the case of the PWM half-bridge or full-bridge converter, the voltage 
is roughly twice the value of the output voltage at the maximum primary 
input voltage V,, (see Fig. 6-15). Therefore, - £out = -Eout- The time 
interval At is equal to the maximum dead time, or "notch" time, ta, which 
occurs between alternate switching half cycles. 

Maximum f<^ occurs at maximum input line voltage, since the transistor 
conduction time tco is ^ minimum. Therefore, the inductor must be de- 
signed to store enough energy to- provide contlnuous^tpiit-eunent- during 
the notch periods. 

Expressing At in terms of secondary voltage £,„ and E^m yields 

where / is the converter's frequency in kilohertz, while the factor 1/2 relates 
the notch time toi? to the entire switching cycle, since the total switching 
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period encounters tvro noteh time intervals. In order to keep low inductor 
peak current and good output ripple, it is recommended that Ml not be 

greater than 0.25Io«t. " . ,, 

Based on the above, Eq. 6-7 may be rewntten.as follows: 

r = IsH^ (6-14) 

Ea 6-10 gives an inductance value which will be very close to the practical 
vSiie. and it may or may not require fine tuning in the actual application^ 
Afker the inductance has been calculated, the core size and core material 
has to be chosen in order to complete the design. 

The foUowing examples show step-by-step design procedures usmg a 
ferrite core and an MPP core. The first design P^«*'i"',%'^/^y^if^ 
the second is graphical. Bofli methods are equally usefiil far desigiiing.op. 
tlmtun filter drakes. 



EXAMPLE 6-5 ^evA 

For a 20-kHz. 100-W half-bridge power supply having an output of 5 V dc 
at 20 A, calcolate the output inductor L using a ferrite core, 

SOLUTION 

Using Eq. 6-13 to calculate *e mailmum notiih period, 

_ijJiJM-l^L!MB^ 12 us 

ta - 2/ ~ 40 X 10^ 
tbs inductor value L capable of delivering output current during is 

£o^^5x_l2s^j2;iH 
^ 0.25U 5 

Select the minimum size of core using the following equation 

(5.067) 10^ (L/,..P') 



AfAe 



KB. 



where K » 0.4 for toroids and 0.8 for bobbins 

D - diameter of wire to be used 

A, = core efcctive area 

Ae ■ bobbin winding area 
Choose a current density of 400 cm. /A. Then for 20 A. the wire is 400 X 
20 = 8(J» c m.. which corresponds to no. 11 AWG wi«. with a maxunum 
diameter of 0.0948 from Table 5-2. 
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Also selecting a = 2000 G, the A,A^ product is 

5.067 X 10* X 12 X 10-« x 20 x 0.0948* „ . 
^•^ • 0.8 X 2000 

From ferrite catalogs the 3019 pot core has A, = 1.38 cm* and = 0.587 
cm^, which yields A^A^ = 0.81 cm'*. This is good enough for our require- 
ments, but we may have to use a larger core in order to fit the large^gauge 
wire. In fact. It is advisable to use a bundle of smaller wire size to increase 
the conductor surface area and reduce skin-effect losses. For this example, 
eight no. 20 AWG wires will have to be used in place of one no, 11 AWG 
wire. By using bundled conductors in parallel, copper losses due to reduced 
i'A losses are minimized; therefore we could reduce the current density 
requirement. Using only six no. 20 magnet wires, the current density wiD 
be 300 cm. /A, still an acceptable value. With all of this in mind, the 3622 
core and single-section bobbin is chosen for this design. 

Because the inductor experiences a large dc bias, it is necessary to gap 
the core in order to avoid saturation. The length (£ the gq> is 

^ (0.47:L/L)10' _ 0.4 X 3.14 x 12 x 10'^ x 20* X 10» 
* ~ A^BL. 2.02 X 2000* 

= 0.0746 cm 

Since the air gap interrupts the magnetic circuit twice, if a spacer is 
used to provide the gapping, the spacra: diid<ness will be = 0.0373. 
On the other hand, the total gap length must be used if only die center leg 
is gapped. 

Now the number of turns may be calculated. 

2000 X 0.0746 

^ = « T,^ = tt: = 5.94 turns 

0.4n/M« 0.4 X 3.14 X 20 

We will use six turns. Using six no. 20 wire conductors in parallel, the 
equivalent of 6 x 6 = 36 turns would be required. 

The turns per bobbin graph (refer to a Ferroxcube catalog) on a 3622 
single-section bobbin data sheet shows that approximately 60 turns of no. 
20 wire will fill the bobbin winding area. Taking into account air space around 
the round wires and tape finish, we conclude that the 3622 bobbin and pot 
core is a good choice for this design. Improvements ma\^be made in the 
actual application, which could include increasing the number of turns for 
better filtering or increasing the number of conductors to reduce heating 
effects. 
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EXAMPLE 6-6 

Design the filter dioke of Example 6-5 using an MPF coi«. 
SOLUTION 

Although, the design of a filt'.-r choke using MFF cores may be analytically 
accomplished, this example presents a quick graphical method, developed 
by Magnetics, Inc., which is &st and accurate. The example is based on 
Magnetics, Inc., MPF core data, but many manufacturers make equivalent 
core sizes with similar magnetic properties; thus the reader may extend the 
described method to the manufacturer of choice 

Step 1: Calculate the required inductance. Using Eq. 6-14, 

, _ £«..toff 5 X 12 
•^-0.251.^- 5 -^^"^ 

Step 2: Calculate the product of ZJ5„,. Taking L = 12 /^H and 7,.; - 20 
A, .then LP = (12 ^HXW) = (0.012 mH)(20^) = 4.8. 

Step 3: Select core size. From the core selector chart of Fig. 6-16, locate 
the U* point of 4.8; following this coordinate the first core size 
encountered that Ms within the solid line permeability family is 

size 55548. 

Step 4: Select the permeability. The intersection point of the 4. 8 coordinajg 
and the 5554S core size coordinate falls between the 26 fi and 60 
fi curves. Only those permeability lines which intersect the ZJ* 
coordinate (4.8 in this case) below the core intersection may be 
used. In this case we will use a core with a permeability of 60 as 
a first try. If a higher permeability core (such as ^ = 125) is used, 
this choice will yield a lower winding foctor, dierefbre fewer turns. 

Step 5; Calculate the number of turns to obtain the required inductance. 
The number of turns can be calculated as follows: 

N - lOOO-J-^ (6-15) 

where L is the desired inductance (in millihenries), and Liaa is the 
nominal' Inductance {in millihenries per 1000 turns). 

From Table 6-1 or Table 6-2, we find L„m = 61 for the 5S548 core 
with a permeability of 60 /<. Therefore the required number of 
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aJ ao(LaUiU(B 0.04 Lo.t U.4 u.b i i 4 i lu 20 40 

amperes). {Courtesy o/Magnetto, inc.) 



turns to obtain an inductance of 12 (0.012 mH) is 



N = 1000 - 14 turns 



Increasing the number of turns by 20percent>vegetN - ITtums. 



TABLE 6.1 ELECTRICAL. MECHANICAL. AND WINDING INFORMATION 

^ffw uicNKTlC S. INC., 55348 MFP FAMIU CORES 

■ CORE DIMENSIONS AFT EE FINISH 



DD «Max.) 1.332 in. 33.80 mm 

ID (Min.) 0.760 in. 19.30 mm 

HT (Max.) a457 In. U.61 mm 

WINDING TCHN LENGTH 

factor Length/turn 

100% (Unity) 0.1943 ft 5.93 cm 

60% 0. 1668 ft 5.09 cm 

40% 0.1400 ft 4.27 cm 

20% 0.1282 ft 3.91cm 

0% 0.1238 ft 3.78 cm 

' ' WOUND COIL DIMENSIONS 

I/mti/ iciruUng factor 

DDMax.) 1.840 in. 46.7 mm 

HT(Max.) 1.103 to. 28.0 mm 



MAGNETIC INFORMATION 



Port 
no. 


¥■ 


Inductance 
@ 1000 turns, 
MH ± 8% 


Sominal dc 
resistance, 

n/MH 


Finishes and 
sUMixa- 

ttOM 


Grading 
statu*. 


BINl 
Gautsper 
amp. turn 


55551- 


14 


14 


0.335 


A2 


• 


- 2.16(<1500G} 




28 


28 


0,167 


A2 


• 


4.00(<1SOOG) 


55550- 


60 


61 


0.0768 


ALL 


Yes 


9.24 (< 1500 G) 


55071- 
55548- 


125 


127 


0,0369 


ALL 


Yes 


19.3 (<1500C) 


55547- 


147 


150 


0.0312 


ALL 


Ym 


22.6 (<:1500G) 


55546- 


160 


163 


O.0287 


ALL 


Yes 


24.6 (<1500G) 


55542- 


173 


176 


0.0BS6 


ALL 


Yes 


26.6 (<1500G) 


S5545- 


200 


ao3 


0.0230 


ALL 


Yes 


30.8 (<600 ^) 




300 


305 


0.0153 


ASandLB 


Yes 


46.2 (<3500G) 


55543- 
55544- 




559 


0.0083 


A2 


Yes 


84.7 (<50 C) 



WINDING INFORMATION 
for unity wtading fitctor 







ndc 


AWG 




lUt 


AWC 
aire site 


Turns 


a 


wire size 


Turns 


n 




32 


0.00393 


23 


S89 


3.50 


8 
9 


40 


0.0061S 


24 


1100 


5,49 




50 


0.00976 


25 


I3S9 


S.56 


10 


63 


0.01544 


26 


16S9 


13.53 


U 
12 


79 


0.0244 


27 


2139 


21.4 


15 


99 


0:0384 


28 


2625 


33.3 


14 


123 


aoeo4 


29 


3209 


51,3 


IS 


154 


0.0949 


30 


4011 


81.1 


16 


193 


0.1504 


31 


4937 


125.7 


17 


239 


0.234 


32 


6017 


189.4 


18 


296 


0.370 


33 


7463 


299 


19 


370 


0.579 


34 


950O 


482 


20 


462 


0.909 


35 


11,788 


7S8 


21 


578 


1.437 


36 


14,549 


1173 


O 1 


713 


2.24 









Satrtu Cooiteir tt Mtcaetics, Inc. 




0.420 



WlndewMi "7 60Clc.m. 

Cnmsaction al042in.2 "f^I"" 

Pithtangih 3.21 in. 8^5 cm 

WM^t 1.701 am 
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TABLE 6-2 INDUCTANCE TABLE 



Part no., 
mil 








InJuetanee pe 


rlOeOtunu, mH 








14 It 


26 |i 


60 (1 


125 ^ 


147 


160 11. 


173 p. 


200 IX 


300 


550 i^L 


55140 


NA 


NA 


NA 


2Jo 


31 


33 


36 


AO 




MA 


55150 


4 


7 


17 


OD 


41 


45 


48 


aO 


OA 


UA 


55180 


5 


9 


20 


AO 


48 


ten 

53 


S7 


Of 


yy 


MA 

NA 


55020 


6 


10 


24 


3Q 


cn 


64 


69 


ftf\ 


ion 




55240 


6 


11 


26 




64 


69 


75 


OD 


lOU 


242 


55270 


12 


21 


SO 


lUo 


loo 


132 


144 


100 




.fee 
4dO 


55030 


6 


11 


25 


0^ 


(JO 
DZ 


cc 
DD 


73 


uO 


1 0,4 


ooo 


55280 


6 


11 


25 


Do 


CO 


CO 

6o 


74 




LZO 




55290 


7 


14 


32 


DD 




04 


92 






sW 


55040 


7 


14 


32 


00 


/o 


54 


92 




lOtf 




55130 


6 


u 


26 


Qi> 


63 


Do 


74 


OO 


197 


MA 


55050 


6L4 


12 


Zl 


OD 


07 


72 


79 




1 




55120 


8 


15 


35 




Qfi 
00 


AO 


104 




1/0 


O 1 


55206 


7.8 


14 


32 


AC 
DO 


fil 
01 


87 


96 


1 HQ 
lUa 


IDO 


Ton 


55310 


9.9 


19 


43 


on 


1 nc 


lie 

115 


124 


144 


^ID 


one 


55350 


12 


22 


51 






135 


146 


1 AO 




MA 

NA 


55930 


18 


32 


75 


10/ 


loo 


201 


217 


ZDl 


'ill 


74U 


55548 


14 


28 


61 


12/ 


190 


163 


176 




OAK 


559 


55585 


9 


16 


38 


79 


93 


101 


109 


1^0 


1 OA 


o 

348 


55324 


13 


24 


56 


117 


138 


150 


162 


187 


281 


515 


55254 


19 


35 


81 


168 


198 


215 


233 


269 


403 


740 


55438 


32 


59 


135 


281 


330 


360 


390 


450 


674 


NA 


55089 


20 


37 


86 


178 


210 


228 


246 


285 


427 


NA 


55715 


17 


32 


73 


152 


179 


195 


210 


243 


365 


NA 


55109 


18 


33 


75 


156 


185 


200 


218 


250 


374 


NA 


55866 


16 


30 


68 


142 


NA 


NA 


NA 


NA 


NA 


NA 



NoU: Delates Magnetlci. Inc.. MFP core number to Inductance per 1000 tuna at varioiM pemeabiltty vake*. 
Sotiras: Courtesy of Maipietlcs, Inc. 



Step 6: Calculate wire size and fit. If we choose a current density of 400 
c.m./A, then a 400 cm. /A X 20 A = 8000-c.m. wire is needed. 
This corresponds to no. 11 AWG wire from Table 5-2. 

To reduce skin effect losses, four no. 17 AWG wires in parallel 
will be used, the equivalent of 17 x 4 = 68 turns of single no. 17 
wire. To check for fit, 68 turns of no. 17 wire (2050 cm.) equals 
139,400 cm. From Table 6-1, the 55548 family of MPP cores has 
a total window area of 577,600 cm. Therefore, the winding fector 
of this core is equal to 139,400/577,600 = 0.24. Also, from Fig. 
6-lS, the winding information data show that a luUy wound core 
will accept 239 turns of no. 17 AWG wire. For a winding factor 
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of 24 percent the number of turns which will fill the core will be 

239 X 0.24 = 57.36 turns. Since our design requires 68 turns, a 
55548 with higher permeability should have been chosen. 

Choosing the next higher permeability of 125 n firom Tdde 
, 6-2, Liooo = 127. Thus, step 5 is corrected to give the necessary 
^ number of turns to achieve the required Inductance. 

/o,012 

N ^1000 \h~=r = 9-72 turns 
Y 127 

Increasing the numbcft' of turns by 20 percent, N = 12 turns of 
no. 11 AWG wire is required, or 12 x 4 = 48 turns of four no. 
17 AWG wires in parallel, which will fit the chosen core. 

In order to check the results, the following analysis may be used. 

Step i; Calculate the dc magnetizing force. From Table 6-1 the 55548 core 
shows H/NI - 0.154. Then, the magnetizing force will be 

ff = (Nl) = 0.154 X 12 X 20 = 36.98 Oe 

Step 2; Check permeability reduction. From the curves of Fig. 6-17, the 
125-fx material at 36.98 Oe experiences a reduction of 30 percent 
of its initial permeability; therefore, the percent of useful perme- 
ability is 70 percent. 

Step 3: Find the inductance of the core at the permeability of step 2. The 
nominal inducatnce of the 55548 core for 125-/i material is 127 olH 




DC Magiwtizing force, oersteds 

FIGURE 6-17 Permeability vs. dc bias curves for Btfagnedcs, inc., MPP cores. (Courteiy 
qfltfagaattot, flic.) 
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per 1000 turns. At 70 percent permeability the nominid inductance 
becomes 127 X 0.70 = 88.5 mH per 1000 turns. Solving for L, 
Eq. 6-15 yields 

Therefore the tninimum inductance of 12 ;iH has been achieved. 



6-5 MAONRIO AMPUFCRS 

The magnetic-amplifier technology has been around for a long time, but 
renewed interest has emerged lately, especially with the proliferation of the 
switching regulator, as an dSdent means oF regulating the auxUiary outputs 
of a multiple-output switching power supply. 

The term "magnetic amplifier" is really misleading, since the circuit nei- 
ther amplifies uor does it use any amplifier as its main switching element. 
Rather, an inductive element is used as a control switch. Thus a magnetic 
amplifier is a reactor, wound on a core with relatively square B-H charac- 
teristics. This reactor has two distinct modes of operation: When unsaturated, 
it acts as an inductance capable of supporting a large voltage with very little 
or no current flow, and when saturated, the reactor impedance drops to 
zero, allowing current to flow with zero voltage drop. 

The magnetic amplifier in itself is a pulse-width-modulated buck regulator 
and requires an output LC filler to convert its PWM output to a dc voltage. 
Since it is a buck regulator, it can only lower the output voltage from what 
it would be with the regulator bypassed. 

Magnetic-amplifier usage is universal, that is, they work equally well with 
any converter topology such as forward, flyback, and push-pull and their 
derivatives. 

6-5-1 OperoHon of ttw Magn«tl6 AmplWer 

Figure 6-18 shows a simplified magnetic amplifier and its corresponding 
waveforms. Let us examine the operation of the circuit. 

Assume that N, is the secondary winding of a transformer driven from a 
square wave which produces a ± 12-V waveform at Vi. At time t = 0" , the 
reactor Lc is saturated and Vj = V3 = 12 V' (diode drops in this discussion 
are ignored for the sake of simplicity, but they should be considered in an 
actual design). At time t = 0* tot = 10 us, the reactor has a voltage across 
it of = -12 - (-6) « -6 V, since Vc = -6 V. Thus a reset current 
flows from Vc through D, to the reactor for a period of 10 /<s, driving the 
core out of saturation and resetting it by an amount equal to 60 V-^s. 
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FIGURE S-18 A niagMlio*MnpUfier resuiator and its associated waveforms. 



At time t = lO*' ^s, Vc switches positive again, and the core should be 
driven into saturation. But since the core has to be reset by a volt-seconds 
product equal to the -amount whteh took It out of saturation, that is, 60 
V-^^s, the mag amp delays the leading edge of the waveform by 5 ^s. 
This condition remains until the voltage across the core drives the reactor 
Into saturation, delivering a 5-^is-bng outpu^pulse. In-mathematical terms 
we have die following relationships: 

A = 6 V • 10 //s = 60 V-^s 
B = 12 V • 5 /is = 60 V-fis 
Therefore the output voltage will be 
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It is important to note that the reset current of a magnetic amplifier is 
determined by the core and tl^e number of turns and not by the bad current. 
Hence, a few miiliamperes of magnetic-amplifier reset current can and will 
control many amperes ofload current. In feet, magnetic amplifiers are cost- 
efective and efficient at outputs with load currents over 2 A. 



6-5-2 Design of the Magnetic-Ampiifler Saturable Reactor 

Designing the saturable reactor of a magnetic amplifier requires three steps: 
First, determine the withstand A; second, choose the appropriate core; and 
third, calculate the number of turns of the reactor. Let us look at each 
individual step separately. 

Step 1: Assuming that the output inductor has been designed forcontinuous 
conduction, the reactor must be designed to delay the leading edge 
<rf the input waveform to the filter inductor long enough to provide 
the required output voltage. This excluded poi tion of the pulse is 
equivalent to area B, as shown in Fig. 6-18, and it is defined as the 
withstand A in V-^s. Hence, 

A = Vt (6-16) 
where V = pulse amplitude, V 
t = leading-edge delay, 

For practical considerations one should allow a 20 percent increase 
over the required withstand to accommodate an equivalent increase 

or decrease in anticipated load current changes. 

Step 2: Select the wire size based on output current. A practical value of 
500 c. m. / A (circular mils per ampere) is an acceptable design rule. 
Next choose the core material to determine the saturation flux 
density B„„. For best results choose a core material with an outside 
diameter of 1 mil or less. Table 6-3 provides several commonly 
used materials, and it is presented here as a guide to the reader 
Choose a fill factor K using values firom 0.1 to 0.3, with the lower 
values for large wire sizes. Nert calculaSe Ae-eoni-sizebased upon 
the area product: 

^ . A^AIO^ 

w^iere W„ = core window area, cm* 
Ac = effective core area, cm* 
A„ = wire area, cm* 

A = required withstand, V-s 

= core saturation flux densitv, G 
X « fin factor 
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Malarial Ijfpe 


Flux dmsity 
{Kilogmmet) 


Squartnett 


Coercive force 




i.e. 


400 cpi CCFR** 


Ma^ieill 


15.0-1&0 


0.85 up 


0.4-0.6 


0.45-0.65 


130-220 


Square Orthonol 


14.2- 15.8 


0.94 up 


0.1-0.2 


ai5-0.25 


310-715 


48 Alloy 


11.5-14.0 


0.80-0.92 


0.05-0.15 


0.08-0.15 


280-550 


Square Pomalioy 80 


6.6-8.2 


0.80 up 


0.02-0.04 


aQ22-0.044 


550-1650 


Round Fennalloy 80 


6,6-8.2 


0.45-0.75 


0.008-0.02 


0.006-0.026 


250-715 


Supermalloy 


6.5-8.2 


0.40-0.70 


0.003-0.008 


0.004-0.015 


250-715 


Supermendur 


19-22 


0.90 up 


0.15-0.35 


0.50-0.070 


85-135 


Metglas 2605SC 


15-16 


0.90 up 


0.03-0.08 


0.04-0,1 


400-900 
750-2500 


Met^ 27I4A 


5-6.5 


0.90 up 


0.008-0.02 ' 0.01-0.025 



The valnet listed are typical of .002* thick materteU (Metglas .001'} uf the types shown. For guaranteed characteristics 
m aO tUdmoses of all alloys awdkblc iderto MaftgOa be'i Cuaranteed Tape Wound CoreChtinElatlaticiBilUetta, 
vAdth b avidable upon request, from the CompoMab Sales Department, Magnetics Inc., Butler, P*. 

**400 cycle CCFR Coercive Force is defined as the H' reset dnncteriitia desaifaed by the Conitint Cunent Flux 
Reset Test .Method in AIEE Paper #432. 

'"Gain IS the 400 cycle core. Cain deserted by dlsCoHlutOlfRnt Flux HesetTest Method per M£E Paper #431 

for cores with 10/OD of .75 to .80. 

Souree: CourMy itf Hapwdcs, Inc. ' 



Step 3: Determine the appropriate number of turns using the formula 

A(10») 



and estimate the control current using the formula 

(0.796)Ht. 



N 



(6-18) 



(6-19) 



where H = Magnetizing force, Oe 

I, = Magnetic path length, cm 

To better understand magnetic-amplifier operation, the following example 
gives the reader all the necessary steps to design efficient mag amps. 



EXAMPLE 6-7 

Consider the forward converter given in Fig. 6-19 and its associated wave- 
forms. Design the magnetic amplifier to produce a regulated 12-V, auxiliary 
output voltage at 8 A. Switching frequency is 100 kHz. 
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SOLUTION 

Assume that the pulse height at Vj is 40 V, at 100 kHz switching frequency. 
To produce 12 V at the output, the average value of the voltage at Vj must 
be 12 V, and the required positive pulse widdi will be 

V» I 

(Vi)/ (40X100 X 10>) '^^ 

Assuming a "dead time" at the switching waveform of 2 /is gives a 4-//s input 
pulse width, as shown in Fig. 6-19, for a total period of 10 /is (100 kHz). 

With a 4-^s-wide pulse at V|, the saturable core must delay the leading 
edge by 1 jus, to achieve the required ^s pulse width. The core then must 
withstand 

A - Vt - (40)(1) = 40 y-fis 

During reset of the core, the withstand must be equal during the negative 
half cycle. The value of the reverse voltage required to achieve equal with- 
stand integrals is 

40 

Vg = ^ = 10 V 
4 

Hence, the negative half cycle of the waveform will be clamped by diode 
Di at -«) - (- 10) = -30 V, as depicted by the Vj waveform of Fig. 
6-19. 

Step 1: Having calculated the withstand A to be 40 V-fis, we allow 
a 20 percent tolerance for a total maximum withstand of 
48 V-^s. 

Step 2: To calculate the required wire size to be used in the saturable 

reactor, the root-mean-square (rms) value of the output current is 
calculated. Thus with a duty cycle of J = 12/40 = 0.3, the root- 
mean-squate current is 

I™. - = V(^mS) - 4.4 A 

Using 500 cm. /A, the wire area is calculated to be 500 cm. /A X 
4.4 A = 2200 cm. From Table 5-2, the closest wire gauge cor- 
responding to this vahie is 16. 

For this example we choose as the core material a Square Permalloy 80, 
which has a very low coercive force and a very square B-H loop, with a 
- 7000 G (see Table 6-3). Thus we can now calculate \V,A, from Eq. 
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FIGURE 6-19 A lOO-kHz forward converter using a magnetic amplifier and its as- 
sociated waveforms, for Example 6-7. 
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6-17, as ibllows: 

2(7000)(0.1) 

= 0.00754 X 10«c.m. cm'' 

Note that since the wire siz^ is^ gauge, which is relatively large, a fill 
factor (tf 0. 1 has been chosen as a sensible compromise. 

Since the W,A, calculated above must be at least 0.00754 x 10^ cm. 
cm*, and because the converter frequency is 100 kHz, a core with a tape 
thickness of D.OOOS in. (i mil) will be used. 

Table 6-4 lists a choice of high-frequency mag-amp cores. From the table, 
the logical candidate for this application is the 50B10-SD core. Knowing the 
type of core, the number of turns required may be easily calculated using 




1000 5000 10000 50000100000 sooooo 

Freqjency (cycles per second) 
FICUSE 6-20 AveraBe MMF required to saturate Permalloy 80 vs. firc- 
quency using square- wave current drive, {Courteay Magnetics, Inc.) 
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Eq. 6-18. Hence 

„ Aim 48 X 10-" X l(y 
^ = 21B:JA, ' 2(7000)(0.051) " 

Round off to 7 turns. 

Completing the example, the magnetizing current is calculated, in order 
to estimate the current required to reset the core when designing tiie control 
circuit. 

From Fig. 6-20 the magnetizing force at 100 kHz for a i-mil core is H = 
0.215 Oe. Thus the control current will be 

, (0.796)tft. (0.796X0.215X6.18) _ „ . 
Ic — 7 - 0.15 A 

Note that the circuit in this example was designed for regulation only. When 
independent shutdown is added for short-circuit protection or turn-off irom 

an external logic signal, then the required withstand is the area under the 
entire positive input pulse. 4n-d»ls example, A = (40 V)(4 s) = 160 V-^s, 
and all the above calculations must be repeated based upon this withstand 
value. 

As mentioned betbre, the magnetic amplifier is a buck regulator, that is, 
its output voltage will always be lower than its input voltage. Since the 
power losses of the magnetic amplifiers are small, these circuits are proving 
to be ideal candidates for deriving low-voltagie, hi^-current outputs, that 
is, 3 V or lower, at relatively high efficiencies. The applications of magnetic 
ampliiiers to switching power supply design are countless and may be limited 
only by the creativity and 'imagination of the deslgh engineer. 



6-5-3 Control Circuits for IMagnetic Ampiifiers 

Figure 6-21 shows a fundamental magnetic-amplifier control circuit regu- 
lating the output of a forward converter. In this circuit, reset oS the saturable 
core is accomplished by transistor and its associated components. Thus, 
during the negative half cycle of the source voltage, transistor conducts 
allowing a current to flow through Ri and Dj, resetting the saturable core 
Lg. The reset flux level is controlled by the transistor equivalent resistance, 
which is a fonction of the difference between the output and reference 
voltages. 

The drawback of this circuit is its temperature sensitivity and its tendency 
to oscillate at extreme load changes. An alternative improved control circuit, 
which eliminates the above problems, is shown in Fig. 6-22. Resistor Re 
degenerates the transconductance of the transistor, making the transfer func- 
tion independent. Tliis circuit also has the feature of acting as a "preload," 
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FIGURE 6-21 A trmbtar-lMted nw^He-amiAfier oonlrol clveuU. 

that is. it prevents the magnetizing current of the reactor from raising the 
output voltage at no-load 'conditions. 

The feedback ncUvork Z/ and Z, can be designed, using techniques dis- 
cussed in Chap. 9, to stabilize the loop (see Example 6-8). 

Full-wave saturable core regulator circuits are also simple to design. 
Figure 6-23 shows how a circuit can be used to control a full-wave output, 
such as the ou^uts found in push-pull or bridge-type converters. Notice 
that only one control circuit is used to reset the two separate saturable cores. 

i 

6-5-4 The UC1838 Magnetic-Amplifier Controller 

Unitrode Corporation has introduced the UC1838 single-chip integrated" 
circuit, which provides all Ae necessary parts to implement a high-perform- 
ance magnetic amplifier with or without independent current-limit control. 
Figure 6-24 shows the block diagram of the UC1838. 




FIGUBE6-22 An taiipiwed aiagiielio.«nipllScr coBtral circuit 
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FICUBE 6-23 A fiiU-wRve magnetic-amplifier control circuit. 



Hence, the integrated circuit includes the following basic functions: 

1. An independent, precise, 2.5-V reference. This reference is a band gap 
design, accurate to within 1 percent, operating from a supply voltage of 
4.5 to 40 V. 
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FIGURE 8-25 A; maghetk-unpli6er coatral drcnit, with current limiting luing the UC1838 
cMtnil, tat Exaii^ 6-8. 



2. Two identical, high-gaia operational amplifiers. The amplifiers have an 
input range of - 0.3 V to Vcc and a current-sink capability of greater than 
1 ma, with a slew rate of 0.3 V-^s. The amplifiers have a gain bandwidth 
c£ 800 kHz and may be cascaded if greater loop gain is required. 

3. A higb-voltage PNP reset current driver. The driver has the capability of 
delivering up to 200 ma of reset current with an 80-V collector voltage 
swing. With internal emitter degeneration, the reset drive operates as a 
transconductance amplifier providing a reset current as a function of input 
voltage. A mag-amp circuit using the UC1838 IC is shown in Fig. 6-25. 
The circuit also provides independent current-limit control. 

The following example gives the reader enough information to design the 
feedbadc components of the magnetic-amplifier controller. In order to un- 
derstand the concepts presented here, a knowledge of Chap. 9 material is 
necessary, since extensive reference is made to the K-£actor techniques for 
die amplifier loop analysis. 



EXAMPLE 6-8 

Consider the forward converter shown in Fig. 6-19. tlie Mowing specifi- 
cations apjgly: 

AC input: 90 to 135 V or 180 to 1265 V 
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Outputs: 5 V @ 20 A, 12 V @ 8 A (i„i„ = 1 A) 
Switching frequency: 100 kHz 

Design the control loop op amp, Ibr the magnetic amplifier of Example 
6-7, at the 12-V output, using a Unltrode UC1838 nwgnetic-amplifitT con- 
trol IC. 



SOLUTION 

The schematic of both the curreat-limit control amplifier and the mag-amp , 
amplifier control is shown in Fig. 6-25. Using the off-the-line rectification 
scheme depicted in Fig. 2-1, the dc input voltage applied to the switching 
transistor of the forward converter at low line will be 252-52 V dc rippk 
and the rectifier drops = 200 V dc. 

Calculate transftamer primary turns, using the 3622-PlX)0-3C8 Ferrox- 
cube pot core, wlich has an ^ > 2.02 oni*. 

/V 010' 200 X 10« ofi».,— = 

lU - Um.minM" _ . — = 28 tUIttS 

" ~ 2/B„„A, 2 X 100 X 10^ X 1.8 X 10^ X 2.02 

In order to get a secondary voltage V, = 40 V, as shown in Fig. 6-25, we 
need the 12 V, secondary turns, N,2, to be 

Ylts^ ^ = 40 -P^- « 6 turns 

The filter inductor Li calculation is based on the maximum off time. The 
value of Li is calculated as follows. From Eq. 6-13: 

i-{v„ivd _ 1- a-:iiOL ...... 

*<* 2/ 2 X 100 X 10» 

From Eq. 6-14: 

, _ 12(3.5 X I0-«) _ 

^' - (0.25)/,. ■ (0.25)8 " ^ 
If we choose an output npple voltage of 0.2 V, the required output capac- 
itance may be calculated using Eq. 6-21: 

C = — ^2»! — = — ; — - - 12.5 fiF 

8/(AVj 8 X 100 X 10» X 0.2 



The ESR of this capacitor must be 



ESR - ^ - 0.016 a 
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This is a very low ESR; therefore, we have to adjust the value of the capacitor 
to achieve the desired results. We will use 10 times the calculated capaci- 
tance, that is, 125 nF, by paralleling tantalum capacitors to achieve the 
desiied value. Ck>nslder that a Unitrode UC1524A FWM integrated circuit 
is used. In this IC, a control voluge is compared with a sawtooth ramp 
voltage V, (2.5 V) to esteblish the PWM drive to transistor Qi. For the 
forward converter, only one of the two alternating outputs of the IC is used, 
in order to limit the duty cycle ^ to 50 percent maximum and therefore 
alW for transformer core reset Hence, 

_ osVj ^ a5v, _ v, 

° V, 2.5 ~ 5 

Since the forward converter is a member of the buck regulator family, 
the output voltage is related, to both the input voltage and the duty cycle 
by the equation 

" n , n2V, 

To derive an expression for the gain of the 12-V output, the above formula 
is differentiated with respect to V^: 

Gain " —ir — r.^^ - •i"-'' ' 
n2V, (4.67)5 

GainaB - 20 log 16.3 - 24.2 dB 
The comer frequency of the 12-V output filter is 

= ^ = 3.1 kHz 

6.28V21 X 25 X 10-" 

Figure 6-26 shows the Bode plots of tibe oulput filter transfer function and 

its phase shift. 

Choosing a type 3 amphfier (see Chap. ^ and the unity gain crossover 
frequency to be one-fifth the switching regulator's clock frequency (that is, 
20 kHz), we can determine the desired gain and phase boost of the feedback 
amplifier. From Ftg. 6-26 by inspection, at 20 kHz the gain of the modulator 
is 0.7 or -3 dB and the phase shift is 158°. 

As recommended in Chap. 9, at least 60° of phase margin is required at 
the crossover frequency. Therefore the phase boost bom Eq. 9-43 is 

Boost - M- P- 90» 60 - (-158) - 90 - 128» 




WE OUTPUT SECnON: REOIHE^ NDUCTORS. AND CAPAOTORS 177 



The gain at the unity gain crossover firequency of 20 kHz is the reciprocal 

of the modulator's gain, that is, +3 dB or G = 1.4 (see Fig. 6-27). 

Using Eqs. 9-49 through 9-54 and assuming fij = 10 kft, the required 
feedbadc-amplifier components are calculated as felkiws: 

x.{4(if!).«]}'.(4(M).«}'-.s.a 

^* ■ 2ff/GR, ° (6.28)20 X lO^ X 1.4 X 10 X lO^ * ^'^'^ f*^ 
Ci - Ct^K - 1) = 0.00087(18.8 - 1) - 0.01 /iF 

_ _Vk 

* " 2h/C, " (6.28)20 X,10>(0.01)10-' " ^'^^ ^ 
'''"(K-l)- (18.8-1)-^" 



iafVKRj ~ (6.28)20' X 10'vl8l(562) * ^'^^ 



2nfl,(C, + Cj) " (6.28)10 x 10^(0.0106) x 10"' " ^'^ 

Figure 6-27 shows the plot of the amplifier transfer function. The double- 
zero and double-pole frequency location is 

and 

/p - fy/K - (20 X lOi^ViiS - 86.7 kHz 

Figure 6-27 shows the Bode plot of the feedback amplifier. Hie gain 
bandwidth product of this amplifier is 

GBW = KG/= (18,8K1.4)(20,000) - 526,4 kHz 

Since the GBW of the UC1838 is specified at 800 kHz. the requirements of 
the design can be met with this ampUfier. The overall system loop gain Bode 
plot is shown in Fig. 6-28. 

The current-limit section is implemented by using a series-sensing resistor 
<rf 0.01 n, 1 W, precision wirewound. This circuit will provide adequate 
overload protection, In circuits with high current outputs, the additional 
efficiency loss in the sensing resistor may be avoided by providing a current- 
sensing transformer to drive the Input (^tlw current-limit amplifier. In this 
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+40 




FIGURE 6-28 Overall system loop gain Bode plot 



case the current-sensing transfoTiner should be placed between point Vg and 
the anode of the diode Df, 



6-6 DESIGNING THE OUTPUT FILTER CAPACITOR 

The choice of the output filter capacitor depends upon the type of converter 
being used as well as maximum operating current and switching frequency. 
Most of today's apphcations use electrolytic capacitors, preferably of the bw 
ESR type. Tlie ESR of the filter capacitor has a direct effect on the output 

ripple and also on the life of the capacitor itself Since the ESR is a dissipative 
element, the power loss in it generates heat, which in turn shortens the 
capacitor $ life. 

Modem-day capacitors have temperature ratings of 105°C and very low 
ESR at frequencies above 20 kHz. As converter operating frequencies start 
to increase, the majority of capacitor manufacturers offer low ESR electrolytic 
capacitors with guaranteed performance at 100 kHz. With advancement in 
passive component tedinology, the tfend at hl^er than 50-kHz frequencies 
is the development of film type capacitors which will offer a high current 
capability. Film type capacitors exhibit extremely low ESR, and they behave 
much bettes dum electrolytics. Already some c^acitor manufacturers claim 
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film capacitor current capabilities of 2 A//(F at a working frequency of 100 

kHz and above. 

Regardless of the type of capacitor used for output filtering, the following 
analysis pertains to the calculation of its value. Referring to Fig. 6- 15c, the 
current waveform in the output capacitor Cgui is centered about zero and 
has an amplitude of A7. Notice that the current waveform crosses the zero 
reference in the positive direction at t|, which is the middle of the on time, 
while at tj, which is the middle of the off time, it crosses the zero reference 
in die negative direction. Thus the current will produce a ripple voltage AV 
which is given by £q. 6-20. 



= -^-f"idt (6-20) 
^wii Jr. 



But the average current during .the time interval ti and is (Ai„t/2)/2 or 
Aiau,/4. Therefore, integrating Eq. 6-20 yields 



out 



v^ere T is the total period of the on time ti and the off time tj. 

ft 

Rearran^ng terms, the minimum output ci^MCitanoe is 

where = 0.25 /i.; = specified load current 

AVmi = allowable peak-to-peak output voltage ripple 

/ = operating frequency 

In order to ensure minimum output voltage ripple, the ESR of the capacitor 
may be calculated by the following relationship: 

ESR^ = =^ (6-22) 
A/,rt 

It is important to note at this point that proper selection of the LC filter 
is essential, since it influences two important parameters in the performance 
of a switching power supply. First, the LC filter combination has a very 
strong influence on the overall stability of the switching system, as we will 
see in Chap. 9. Second, a small L and large C result in a low surge 
impedance of the output filter, which means that the power Supply wiU have 
a good transient response due to load step changes. 

In fact, measuring die transient response of a switching power supply, 
the important factor may not be how long it takes the output to recover 
during a step load change, but how deeply it deviates from the output voltage 
nominal value. For example, a 5-V output may not be suitable for TTL if it 
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dips more than 250 mV during, say, a 25 percent load diange, provided that 
this load change is anticipated in the actual application. 



EXAMPLE 6-9 • . 

Calculate the capacitance value and the ESI', value for an output filter ca- 
pacitor to be used in the converter specified in ExampU 6-5, allowing a 
maidmum output r^ple of 100 mV. 



SOLUTION 

Using Eq. 6-21 we get 

5 



^•"^ 8 X 20 X 10» X 0.1 

From Eq. 6-22 



- 0.3125 X lO' a 312.5 fiF 



ESR«» - ^ - 0.02 n 

9 



Although the output o^iadtance of 312-/<F minimum may be adequate 
in theory, practical experience shows that it takes a higher value to accom- 
pUsh the required specifications. In fact, a rule of thumb of 300 fiFffL 
minimum at 20 kHz is a more realistic value when electrolytic cs^acltors 
are used. 

Using more than two capacitors in parallel to achieve the required ca- 
pacitance and reducing the ESR to extremely low values is also recom- 
mended. In any case, careful final circuit measurements and refining of the 
design during prototyping will always yield optimum results, and the for- 
mulas present^ above wiD give the designer a first-order approximation, 
which is gjod for a start. 
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SVintCHING'REGULATOR 
CONTROL CIRCUITS 



7-0 INTRODUCTION 

The majority of todays switching power suppH« are of the P"lse-vvidth^ 
m^ulated (PWM) type. This technique varies the conduction tiine of the 
^Sg trlistor during the on period to control and regulate the outpu 
to a predetermined value. Although other methods my be used for 
^nS^d regulation the PWM method offers excellent performance, such 
S ^ie and bad regulation, and stability duringtemperature variations. 

ifrecent years a nSmber of integrated circuits have been developed 
wh ^h indude all the necessary functions to de.gn ^ J-f ^^^^^^^ 
nower supply with the addition of few external components. The pur^se 
Xs chapter is to introduce the reader to some of the techniques and 
l^ts used implement the PWM control section of the switching power 
supply and to explain how this control is achieved. 

7.1 ISOLATION TSCHNIQUES OF SWITCHING REGUUTOR SYSTEMS 

The role of an off-the-line regulated switching power supply is twofold. Rrst 
i r^uTderWewen-iegulaledlowW output volta^^^ capable of i>owering 
elSnlcTekctrTechanical circuits and devices, and -cond it mu^ 
SSThigh input-to-output isolation in order to protect the user fiom shock 
hazard due to high voltage or leakage currents i w,«,utior 

• FSureMdepictstwodifferentblockdiagrams. ^howmg how line i^lato 

may te^chieved in an off-the-line switching P"--;"PP'>;^,f 
common ground are depicted with identical ground symbols. These bloc 
■ SSSmsLe universal, they may be used for ^y l^sic^^eof^^^^^ 
■ ijowTr supply design, such as half-bridge, full-bridge. Hyback, forward, ete 
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FIGURE 7-1 (a; Transformer isoUtion and (fc) optoisolatioo techniques used in off-the- 
line switching power supplies. 

In the block diagiani of Fig. 7-la, the error-amplified, PWM, and control 
circuit have a common ground with the output rectifiers and filter. Input- 
to-output isolation is achieved at the power translFormer T, and at the driver 
transformer T;. In general, tlWisfcrmer is a base or gate driver. In the 
block diagram of Fig. 7-lb the control circuit and PWM have a common 
ground with the switching element and the input rectifiers and filter. Input- 
to-output isolation is achieved at the power tmsfiirmer Ti and through the 
optoisolator. 

Both line isolation techniques shown in Fi'g. 7-1 give very good perform- 
ance characteristics through carefu} circuit design. Choosing one circuit vs. 
the other is primarily based on econom{(<s and the type of switdiing power 

converter design, In general, the transformer I'solatiorf circuit shown in Fig. 
7-la can be used with all different power converter designs, while the opto- 
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isolation version shown in Fig. 7-lb is most commonly used in flyback and 
forward type converter designs. 

7-2 PWM SYSTEMS 

Although many switching techniques can be employed to implement a 
switched-mode power supply, the fixed-frequency PWM technique is by &r 
the most popular choice. In a PWM system a square wave pulse is normally 
generated to drive the switching transistor on or off. By varying the width 
of the puke, the conduction time of die transistor is accordingly increased 
or decreased, thus regulating the output voltage. 

The PWM control circuit may be single-ended, capable of driving a single 
transistor converter, such as a flyback or forward. If two or more transistors 
have to be driven, as vtdth half-bridge or lull-bridge circuits, a dual-channel 
PWM circuit is necessary. ' 

7-2-1 A Single-Ended, Discrete 
Coinponent, PWM Control Circuit 

A very simple closed loop, PWM control circuit may be implemented by 
using a small number of discrete components and semiconductor circuits, 
as depicted in Fig. 7-2. The function of the circuit is as follows. A clock 
pulse generator ICi generates an asymmetric square wave output at a fixed 
fi-equency, i.e. , 20 kHz. This generator may easily be designed using a 555 
timer, or equivalent circuitry. ' 

The square wave is differentiated by capacitor Ci and resistor Ri to pro- 
duce a sawtooth waveform which is used to turn gff the normally conductive 
transistor Q ,. The resulting negative going pulse at the collector of transistor 
Qi is inverted by transistor Qt, producing a positive going pulse at the 
collector of Qi, 

The low-impedance output driver combination of Qj and Qt is used to 

switch the main switching transistor on or off, thus transferring energy 
to the output of the converter through the transformer-choke Ti. Regulation 
is achieved by comparing a portion of the-output voltage, derived by volti^ 
divider R9 and Ru, against a fixed reference voltage V,ef. Any changes at the 
output due to line or load variations are amplified by op-amp IC3 which 
drives the photodiode of optocoupler ZCj, modulating its light intensity, thus 
forcing phototransistor ZCj to conduct harder, Consequently the square wave 
pulse at the base of transistor Qi is differentiated even more strong, causing 
transistors Qi, Qi, and Q4 to be on for a longer period of time, while 
transistors and Qi are switched on for a shorter period. Thus the pulse 
width is modulated according to load and line conditions, stabilizing the 
output voltage. 
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The Circuit sh««wi in Fig. 7-2 Is greatly simplified, and reanements may 
be necessary when used in an actual off-the-line switching power supply 
application. 

7-2-2 An lnl»fli«t»<l Cortioier 

In recent years, a number of integrated circuits have been developed which 
i^ude all the functions necessary to build a PWM switdring power supply 
STstade padtaee with just the addition of a few erto^al components^ 
Fig^ 7? SSthe b Jc building blocks of a sir^le PWM controller and 
ite associated waveforms. The circuit functions as follows. An op-amp com- 
IS the feedback signal from the output of the power supply to a fixed 
Snce voltage V^. The'error signal is amplified and fed mto the mverting 
Sarattr. Tlie noninverting input of the comparator accepts a 
SS^O^th waveform with a linear slope, generated by ^ fi^J-firequency os- 
SaS The oscillator outpu^is also used to toggle a Hip-flop, producing 

'^'ZZZ^^^^^'^le output and the flip flop outputs are b.h 
usedTo drive the AND gates, enabling each output when botl^ mputs to the 
Ste are "high." The result is a variable duty cycle pulse train f cbuinels 
TLd B. Figure 7-3i shows how the output pulse widd, is modulated when 
d.rer«r Snal changes its amplitude, as depicted by tne dotted hnes. 
NorSI the outputs oi the PWM controller are externally buffered to drive 
S^S^wer switching transistors. This type of ci«uit may be used to 
SfvSStwo transistors or a single transistor. In the °"*P* 
ma7be externaUy ORed. or only one channel may be used as a driver. 

The meri sTf such a PWM controller are profound, includmg the pro- 
grlLble fixed-f^equency oscillator, linear PWM ^^^J^C 
fc™, 0 to 100 oercent, adjustable dead time to prevent output trsmsisto- 
Smul«!^^«nSS;>«. »d above all simplicity. reUability. and cost- 
effectiveness. 

In the early 1970s the switching power supply market sterted to expaid in 
L commercial sector, a fact which brought Aout the first major attempt 
WemSd circuit manufacturers to offer JPWM control circuits in a single 
chip Srfirst such circuits to appear in the market were he Motorol 
MC3420 Switchmode Regulator Control Circuit and the Silicon General 
S P WiS Srol CiLit. whid. was destined to become the industry 

standard. . 
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These PWM controllers were and are the heart for a complete switching 
power supply design and may be used equally well in single-ended or dual- 
channel applications. Shortly thereafter manufacturers started to introduce 
more PWM control circuits with improved characteristics and more features. 
The Texas Instruments TL494 PWM Control Circuit is an improved version 
rfthe SG3524, offering features such as adjustable dead-time control, output 
transistors with high source or sink capabilities, improved current limiting 
control, output steering control, etc. 

With the intiodnction of the power MOSFET, the first PWM contTol 
circuits appeared with totem-pole outputs, capable of driving MOSFETs 
directly as well as bipolars. such as the SG1525A and SG1526 series. Besides 
ofiering all the features found in previous control circuits, these new ICs 
included additional features such as undervoltage lockout, programmable 
soft start, digital current limiting, and operation up to 400 kHz. 

Although, as mentioned, all the above circuits may be used in all the 
popular switch-mode topologies, recently some companies have introduced 
PWM C(»itn>UeT5 optimized for hi^ efficiency in forward or flyback power 
converters. One such circuit is the Motorola MC34060 PWM controller, 
which includes all the features needed to implement a forward or flyback 
design using a minimum of external parts. 

Another circuit is the Unitrode UC1840 series, which promises to have 
a major impact on the design of single-ended power converters. The PWM 
controller includes all the control, driving, monitoring, and protection func- 
tions needed to build a complete switching power supply with just the 
addition of a few passive external components. Features dt the controUer 
include a low-current, off-line start circuit; built-in protection fipom over- 
voltage, undervoltage, and overcurrent conditions; feed-forward line regu- 
lation over a 4:1 input range; 500-kHz operation, etc 

In the next paragraphs we describe the function of some of the available 
PWM <!ontrol integrated circuits in order to familiarize the reader with the 
operation of these circuits. The descriptions presented are purely informar 
tional, and the reader is advised to review carefully all available data sheets 
ieom diferent manufacturers of PWM control circuits in order to choose the 
optimum IC controller for his or her particular application. 



7-3-1 The TU94 PWM Control Circuit 

The TL494 is a fixed-£requency PWM control circuit, incorporating all the 
building blocks necessary for ^e control of a single-ended or dual-diannel 

switching power supply. Figure 7-4 shows the internal construction and 
block diagram of the TL494 controller. An internal linear sawtooth oscillator 
is frequency-programmable by two external components, Rf and Cr, coiP- 
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nected un pins 6 «nd 5, respectively. The oscillatoi frequency is deter- 
mined by 



1.1 
RjCt 



(7-1) 



Output pulse-width modulation is accomplished by comparison of the 
positive sawtooth waveform across capacitor Cr to either of two control 
signals. Hie NOR gates, which drive output transistors Qi and Qt, are 
enabled only when the flip-flop clock-input line is in its low state. This 
happens only during that portion of time when the ;awtooth voltage is greater 
than the control signals. Therefore, an increase.in control-signal amplitude 
causes a corresponding linear decrease of output pulse width, as depicted 
by the timing diagram waveforms of Fig. 7-5. 

The control signals are external inputs that can be fed into the dead-time 
control pin 4, the error amplifier inputs at pins 1, 2, 15, and 16, or the 120- 
mV input ofiet which Untlts the minimdm output dead thne to approxiniately 
the first 4 percent of the sawtooth cycle time. This would result in a maximum 
duty cycle of 96 percent with the output mode control pin 13 grounded, 
and 48 percent with the same pin connected to the reference line. Additional 
dead time may be imposed on the output by setting the dead-time control 
input pin 4 to a fixed voltage, ranging from 0 to 3.3 V. 

The PWM comparator provides a means for the error amplifier td adjust 
the output pube width from the maximum percent on time, established by 
die dead-time control input, down to zero, as the voltage at die feedback 
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pin varies from 0.5 to 3.5 V. Both error amplifiers have a common-mode 
input range from -0.3 to (Vcc - 2) V and may be used to sense power 
supply output voltage and current 

The error amplifier outputs are active high and are ORed together at the 
noninverting input of the PWM comparator. With this configuration, the 
amplmer that demands minimum ou^ut on.time dominates control <^ the 
loop. 

When capacitor Cr is discharged, a positive pulse is generated on the 
output of the dead-time comparator, which clo^ the pulse steering flip- 
Bop and inhibits the output transistors Q, and Qj. With the output mode 
control pin 13 connected to the reference line, the pulse steering flip-flop 
directs the modulated pulses to each of the two output transistors alternately 
for push-puH operation. The output frequency is equal to half that of the 
oscillator. 

Output drive can also be taken from or Q^, when a single-ended 
operation with a maximum duty cycle of less than 50 percent is required. 
When higher output currents are required for single-ended operation, 
and may be connected in parallel, and the output mode control pin must 
be tied to ground to disable the flip-flop. The ou^nit frequency will now be 
equal to that of the oscillator. 

Figure 7-6 demonstrates the use of the TL494 in a simple PWM push- 
pull converter with current limiting protection. 

7-3-2 The UC1840 Programmable, Off-Une PWM ControHer 

Although most of the commercially available PWM controllers are designed 
for universal usage, the Unitrode UC1840 family of programmable PWM 
controllers was specifically designed for application as a primary-side, cost- 
elfective approach to flyback or feed-forwarid designs. Figure 7-7 shows the 
overall block diagram of the UC1840 PWM controller 

In reference to Fig. 7-7. die UC1840 contains the following distinct fea- 
tures: 

1. Fixed-frequency operation, user-programmable by a simple flC network 

2. A variable slope ramp generator for constant volt-seoond operation, pro- 
viding open loop line regulation and minimizing, or in some cases elim- 
inating, the need for feedback control 

3. A drive switch for loW'Current start-up, with direct olf-line bias 

4. A precision reference generator with int^nud overvoltage protection 

5. Complete undervoitage and overcurrent prQtectk>n including program- 
mable shutdown and restart 
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6. A high-current, slngie-ended VmA output optimized fiw fast turn-off of 

an external power switch 

7. IjOgic control for pulse-commandable or dc power sequencing 

■Hie following is a discussion of how the UC1840 PWM control circuit -, 
fanctions. References to Figs. 7-7 and 7-8 are made throu^out the presen- 
tation. During the initial power-up, and before the voltage at pin 2 reaches 
3 V, the start/undervoltage (UV) comparator pulls a current of 200 fiA, 
causing an added drop across resistor R^. At the same time the drive switch 
holds the driver bias transistor off, ensuring that the only current required 
throu^ resistor K is the start-up current. Also the slow start transistor is 
on, holding pin 8 of the IC low, thus keeping capacitor Cj discharged. 

The start latch flip-flop keeps the undervoltage signal UV from being 
defined as a fauU. The start voltage level is defined as 

Vc (.tart) = 3 (^^) + 0.2R, (7-2) 

When the control voltage rises above that level, the start/UV comparator 
eliminates the 200-a<A hysteresis current, sets the start latch flip-flop to 
monitor for an undervoltage fault, activates the driver bias output transistor 
to supply base current to the power switch, and also turns off the slow start 
transistor, providing soft-start start-up which is set by flj and Cs- ' 

Pin 8 of the UC1840 may be used for both sofl-start turn-on and duty 
cycle limiting, as well as a PWM shutdown port. The duty cycle may vary 
from 0 to 90 percent, and maximum duty cycle limiting is achieved By 
clamping the voltage on pin 8 with a divider formed by resistors Rs and 
Rpc- When fixed ramp slope operation is employed, resistor Rj is taken to 
the 5-V reference. Alternatively, for a constant volt-second operation, i.e^ 
the ramp generator connected as shown in Fig. 7-5, Rj must be connected 
to the dc input line. 

The desired maximum duty cyde is set by the vdtage at pin 8, de- 
fined by 



V (pin 8) = 




This clamping vohage must be equal to the ramp voltage, at the same dc 
input voltage level. 

The ramp generator on the other hand \yill produce an output ramp 
voltage with a slope given by 

^^lisB. . (7-4). 

dt RhCh 




SwnOHNG REGULATOR CCtNTROL QRCUTS 197 



where Vij,^ is the voltage to where resistor Ar is connected. For a fixed ramp 
slope, Rn should be connected to the 5-V reference. The peak voltage of 
the ramp is damped at 4.2 V, while its valley or low voltage is typically 
0.7 V. 

The PWM section of the UC1840 consists of the oscillator, the ramp-, 
generator, the error amplifier, the PWM comparator, the PWM latch flip- 
flop, and the PWM output transistor, as depicted in die block diagram of 
Fig. 7-7. The function of the PWM section is conventional. A constant clock 
frequency is established by connecting a simple fiC network from pin 9 to 
ground and the 5-V reference as shown in Fig. 7-8. The frequency of oscil- 
lation is 

^ RjCf 

where Rt can range from 1 to lOO kA and Cr from 300 pF to 0. 1 ^F. 

The basic function of the ramp generator was described above. The error 
amplifier is a voltage-mode op-amp with a common-mode range of 1 to 
(Vi„ - 2) V. Thus, either input of the op-amp may be directly connected to 
the 5-V reference. The other input of the amplifier is sensing an equivalent 
portion of the output (or input) voltage which is to be controlled. 

The ramp generator output, the error amplifier output, as well as the 
slow start input and the current limit output, are inputted to the PWM 
comparator. The comparator generates the output puke which starts at the 
termination of the clock pulse and ends when the ramp waveform crosses 
the lowest of the three positive inputs to the comparator. The clock develops 
a blanking pube to keep the duty cycle below 100 percent. The PWM latch 
flip-flop ensures one pulse per period rate and eliminates oscillation at com- 
parator crossover. The PWM output pulse arrives at pin 12 of the UC1840, 
an open collector transistor. The output transistor is capable of supplying 
200 mA of output current; thus, it can drive directly bipolars or MOSFETs. 
If higher output current is required, extemid bu&ring may easily be im- 
plemented. Ancillary circuits such as overvoltage sense, external stop, and 
reset are easily implemented. 

Current limiting and overcurrent shutdown are implemented with com- 
parators of different thresholds. In the event of an overload, these compar- 
ators shorten the PWM output pulse and at the same time turn on the stow 
start transistor, discharging the sofi-Start capacitor, ensuring proper restart 
at the end of the fault. . _ 

7-3-3 Ihe UC1524A PWM Control Integrated aicuit 

The UC1524A PWM control ,IC is an advanced version of the first com- 
mercially develolped PWM controller, the SG1524. Since many examples 
contained In this hook are referenced to the UC1524A, the following de- 
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scription of its building blocks will adequately introduce the reader to its 
function. For more in-depth specifications, the individual data sheets should 
be consulted. The block diagram of the UC1524A integrated PWM control 
IC is shown in Fig. 7-9. 

An intei-nal linear sawtooth oscillator is frequency programmable by a 
resistor Rr and a capacitor Cr- Hie oscillator frequency is determined by 

(7-6) 



RfC 



and It is usable to frequencies beyond 500 kHz. 

The ramp voltage swings approximately 2.5 V to change the comparator 
output bom 0 to 1, by comparing it to either one of two control signals, i.e., 
the error amplifier output or (he current-limit amplifier output. The error 
amplifier input range extends beyond 5 V, eliminating the need for a pair 
of dividers, for 5-V outputs. Note also that the UC1524A has an on-board 
5-V reference which is trimmed to a ±1 percent accuracy. 

Output pube-width-modulation is accomplished by steering the resulting 
modulated pulse out of the high-gain comparator to the PWM latdi along 
with the pulse steering flip-flop \^ch is synchronously toggled by the os- 
cillator output. 

The PWM latch insures freedom from multiple pulsing within a period, 
even in noisy environments. In addition, the shutdown circuit feeds directly 
to this latch, which will disable the outputs within 200 ns of activation. The 
current-limit amplifier is a wide-band, high-gain amplifier, which is useful 
for either linear or pulse-by-pulse current limiting in the ground or power 
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supply output lines. Its threshold is set at 200 mV. An undervoltage lockout 
circuit has been added, which disables all the internal circuitry, except the 
reference, until the input voltage is 8 V. This action holds standby cur- 
rent low until turn-on, greatly simplifying the design of low-power, olf-line 
switchers. 

The power capability of the output transistors is 200 mA, and theii voltage 
rating is 60 V. The transistors may be paralleled for increased current ca- 
pacity. 

As it can be seen, this versatile IC controller can be used in a variety of 
isolated or nonisolated switching power supplies for anumber ofappHcations. 
A simple buck regulator application is shown in Fig. 7-10. 

In this application, a wide input range nonisolated budc regulator is pre- 
sented, with the addition of a small signal 2N2222 transistor which serves 
to provide a constant drive current to the output switch, regardless of the 
input voltage level. Note the simplicity of the current-fimit function, which 
can be implemented using a small sensing resistor in series with the output 
bus. 

Figure 7-11 shows a low-cost, 50-W off-the-line, fully Isolated forward 
converter. At power on, initial start-up is provided by Cg v/hich charges 
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nCURE 7-10 Hie UC1K4A and nC600 hybrid switch providei a wide kiput mige, 
25-\V buck regulator, with a minbnum number of external conipenents. (Courtesy 
'■ Vnitrode Corporation.) , 
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FIGURE 7-U An off-the-line iialatad fKwtrd eoimrttr Ddag the DC1524A. (Courlaif 
UiiUrode Corporation.) 

through Ri- Winding takes over after steady-state conditions have been 
reached, providing the drive power. Isolated feedback control is provided 
by an innovative circuit comprised of transistor Qj and transformer Tj, by 
sampling the 5-V output level at the switching frequency of 40 kHz. 

With every switching cycle, the output voltage is transferred from winding 
Ni to winding N, where it is peak detected to generate a primary reference 
signal to drive the PWM error amplifier. Diode is used to temperature 
compensate for the loss in rectifier D„ and the net result is better than 1 
percent regulation 

Diode Di forms a duty cycle clamp. Forward base drive current to the 
switching transistor Qi is provided by connecting the internal drive transis- 
tors in parallel. Turn-off base current is provided by the combination of 
transistor Qi and capadtor Ch- 



7-3-4 The UC1846 Currant-Mode Control Integrated Circuit 

In Chap. 3 the basic current-mode topology was discussed, and the advan- 
tages over conventional PWM techniques were presented. 

The Unitrode Coqaoration UC1846 is an integrated current-mode control 
circuit, which has all the necessary functions to design state-of-the-art, high- 
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frequency switching power supplies, widi the addition of a handful of external 

components. 

Figure 7-12 shows the block diagram of the UC1846. The integrated 
dicuit provides the following nine ^tuies: 

1. A ± 1 percent, 5. 1-V trimmed band gap reference usedbodi as an external 
voltage reference and internal regulated power source to drive bw-Ievel 

circuitry. 

2. A fixed frequency sawtooth oscillator with variable dead-time control and 
externa] synchronization capability. Circuitry features on all NPN design 
enable of producing low-distortion waveforms in excess of 1 MHz. Figure 
7-13 shows the implementation of the oscillator circuit. 

An external resistor Rt is used to generate a constant current into a 
capacitor Cr to produce a linear sawtooth waveform. The oscillator fre- 
quency is given by 

2.2 

fosc ~ p /~i 

where 1 kft s.flr ^ 500 kH and Cj s 1000 pF. 



(7-7) 
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FIGURE 7-12 The Uock diagram of the UC1846 currcDt-mode control integrated cirndt. 
(GoHrtMy I/nttPMfe Cotjionitlen.) 
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FIGURE 7-13 The UC1846 oscaUtor drcnit. (Courtesy Unttrode Corpo- 
ration.) 



Referring to Fig. 7-13, the osdlktor generates an internal clock pulse 
used, among other things, to blank both outputs and prevent simulta- 
neous cross conduction during switching transitions. The output dead 
time is controlled by the oscillator fiS) time. Fall time is controlled by 
Cr acccH^g to the £i>nnula 



145C, 



r 12 -I 

[l2 - (3.6/Rt)J 



For large values of Rj 



ti = 145Ct 



(7-8) 



(7-9) 



Synchronization of more dian one drcuit may be accomplished via the 
bidirecUonal SYNC pin. 

3. An error amplifier writh common mode range from ground to 2 V below 
bias voltage. The output of the error amplifier along with the output of 
the current sense amplifier are fed into the PWM comparator to provide 
thg.pulse steering modulated signal. 
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4. A current sense amplifier which may be used in a variety of ways to sense 
peak switch current for comparison with the error voltage. Referring to 

Fig. 7-12, maximum swing on the inverting input of the PWM comparator 
is limited to approximately 3.5 V by the internal regulated supply. Ac- 
cordingly, for a fixed gain of 3, maximum differential voltages must be 
kept below 1.2 V at the current sense inputs. Figure 7-14 depicts several 
ways of configuring sense schemes. 

Direct resistive sensing is simplest; however, a lower-peak voltage 
may be required to minimize power loss in the sense resistor. An RC 
filter is recommended to eliminate any extraneous voltage spikes which 
may trip the current sense latch and result in erratic operation of the 
PWM circuit, particularly at low duty cycles. 

Transformer coupling can provide isolation and increase' dBdency at 
the cost of added complexity. Regardless of the scheme, the largest sense 
voltage consistent with lower power losses should be chosen for noise 
immunity. Typically, this will range from several hundred millivolts in 
some resistive sense circuits to the maximum of 1.2 V in transformer 
coupled circuits. 




Output stage 




Output stage 



Current xtormer 



(b) w 

FIGURE 7-14 Various current sense schemes for the UgUM jaurent sense amplifier; (o) 
Resistive sensing with ground reference, (t) same sensing willl EC filter to reduce switch 
transient spikes, (c) resistive lensing above (round, and dti inlated curreot sensing. (CatiUty 
VnUrode Corporation.) 
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FIGURE 7-15 Peak ctuTeDt-lbnit deilpi for the UC1846. [Courttty 

Unitrode CorporatUm.) 



5. Current limiting through clamping of the error signal at a user-pro- 
grammed level. In lact, one oS the most attracdve features of a current- 
mode converter is its ability to limit peak switch currents on a pulse-by- 
pulse basis by simply limiting the error voltage to a maximum value. 
Figure 7-15 shows how this is accomplished. 

Resistors fii and Rt form a divider network to set a predetermined 
voltage at pin 1. This voltage, in conjunction with transistor Qu acts to 
clamp the output of the error amplifier at a maximum value. Since the 
base-emitter drop of and the forward drop of diode Di nearly cancel, 
the negative input of the comparator will be clamped at the voltage at 
pin 1 minus 0.5 V. Thus the diffisrential input voltage, Va, of the current 
sense amphfier is 




(7-10) 



Using this relationship, a value for maximum switch current in terms of 
external programming resistors can be derived as follows: 

, _ [fli(V,J/(fli + fl2)] - 0-5 

35; 

Note also that supplies holding current for the shutdown circuit and 
therefore should be selected prior to selecting R^. 
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6. A shutdown function with built-in 350-mV threshold. May be used in 

either a latching or noiilatching mode, or initiating a "hiccup" mode of 
operation. The shutdown circuit is shovra in Fig. 7-ft. Shutdown is 
accomplished by applying a signal greater than 350 mV to pin 16. In this 
configuration, capacitor C, is used to provide a soft-start or soft-restart 
fiinction, if so desired. 

7. ' Under voltage lockout with hysteresis to guarantee that the outputs wiD 
' stay "oS" until dte rderence is in regulation. 

8. Double pulse suppression logic to eliminate the possibility of consecu- 
tively pulsing either output. 

9. Totem pole output stages capable of sinking or sourcing 100 mA contin- 
uous, .400-mA peak currents. 

An the above features Indicate that the UC1846 current-mode control IC 

is a versatile circuit which can be used in many designs. 

Figure 7-17 shows how the UC1846 could be utilized in a conventional 
push-pull circuit. This is a 20-kHz power supply, and aldiough no effort is 
given to matching, the switching transistors, there is no current imbalance 
to cause transformer saturation. For higher operating frequencies, the 
switching transistors may be replaced by MOSFETs. The power supply will 
also exhibit excellent transient response to output load changes, as compared 
to conventional PWM designs. 



I 




FIGURE 7-16 Shntdoim drcidt of the UC1846. (Coortety VaUfwk Corjmvtkm,) 
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FIGURE 7-17 A 20-kHz push-pull eiuTenl«ade omlrgUBd converter Ming dw UC1M6. 

{Courtay Unitrode Corporation.) 



Also by disabling the oscillator and error amplifiers (Cj grounded, +EIA 
to V^and -£/A grounded) of one or more slave modules, and connecting 
SYNC and COMP pins of the slave(s), respectively, similar outputs may be 
paralleled together to provide a modular approach to power supply design. 
In this configuration, output current will be equally shared by all units. 
Figure 7-18 shows a practical implementation of slaving two units in a parallel 
Operation. 




FIGURE 7.18 Slaving allows parallel operatira of t«« or noie IX:i346 units, with eqaal 
ciment sharing. (Courtesy Utri^odt Corpontton.) 
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7-3-5 The UC1860 Resonant-Mode Power Supply Controller 

Increased interest in resonant-mode power supplies has been fueled by the 
&ct that this class of converters is well-suited fbr operation in the megahertz 
region. Although a number of discrete power components have been de- 
veloped to operate in the megahertz region, the lack of similar simple in- 
tegrated controllers has been obvious. Unitrode Corporation, however, is 
in the process of releasing the UC1860 resonant-mode power supply con- 
troller family, which will satisfy this need. Information given here is prelim- 
inary, since at the writing of this book, only advanced product information 
was available, but it should serve very well as an introduction to this versatile 
IC. The block diagram of the UC1860 controller is depicted in Fig. 7-19. 

The control philosophy employed is fixed on-time, variable frequency. 
The fundamental oontrol blocks inchide a reference and a wide band, high- 
gain error amplifier wiiich controls a variable firequency oscillator from 1 
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(Sowtety UtMrode CorjmraHan.) 



suppljr controller. 
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kHz to 3 MHz. The error amplifier controls oscillator frequency via a resistor 
into the /„sc pin which is 2 diode drops above ground. The error amplifier 
is clamped so that its output swing is limited from 2 diode drops above 
ground to 2 V plus 2 diode drops, thus allowing minimum and maximum 
frequencies to^be programmed. 

- A temperatare-stable one-shot timer, triggered by the oscillator, gener- 
ates pulses as low as 300 ns defining on-time for the output drivers. Each 
output Is capable of driving transient currents up to 2 A, making them ideal 
for power MOSFET gates. The mode q{ the toggle flip-flop is programmable 
for alternate or unison operation of the outputs. 

Additional blocks reside in the chip to facilitate more control capability. 
An uncommitted open-collector comparator can be used to shorten the on- 
time pulse during start-up or under low load conditions. A bst comparator 
with a common-mode range from -0.3 to -i-3 V is available to sense over 
current fault conditions. The chip is versatile in fault disposition with several 
soft-start and restart delay options. The restart delay pin can be used to 
permanendy shut the supply down after a &ult, restart after a delay, or 
restart immediately after the foult indicatton has been removed. 

A programmable undervoltage lockout (UVLO) rounds out the IC. It 
allows off-line operation with a 16-V start threshold and 6 V to hysteresis 
or operation directly from a dc supply from 5 to 20 V. The UVLO mode pin 
can also be used as a part for gating the entire supply on and off. During 
undervoltage lockout, the output stages are actively driven low, and supply 
current is kept to a minimum. 
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S-O INTRODUCTION 

In general, switching power supplies are closed-loop systems^ a necessity 
for good regulaHon, ripple reduction, and system stability. Other than the 
basic building blocks, which have been described in the previous chapters, 
there are a number of peripheral and ancillary circuits that enhance the 
performance and reliability of the power supply. 

Components such as optoisolators are extensively used by primary ref- 
erenced designs like tfie flyback or feed-forward converter to offer the nec-' 
essary input-to-output isolation and still maintain good signal transfer 
information. Other circuits, such as soft-start, overcurrent, and overvoltage 
protection circuits, are used to guard the power supply against feilures due 
to external stresses. This ch^er desalbes the components used in these 
dicuits, and presents typical circnit designs showing how these devices may 
be utilized to perform ^leit-fiinctlon. 

a-l THE OPTICAL COUPLER (OR OPTOISOUTOR) 

The optical coupler, or optocoupler, is used primarily to provide isobtiOR 
between the input and output of the power supply, while at the same time 
output noise and low temperature coefficient of 50 ppm/'C are desirable 
of a typical optocoupler. 

The optocoupler consists mainly of two elements: the light source, which 
could be an incandescent lamp or a light-emitting diode (LED); and the 
detectOT, which could be a photovoltaic cell, photodiode, phototransistor, 
or light-sensitive SCR. The most common construction of the optocoupler 
consists of a gallium arsenide (GaAs) LED and a silicon. phototransistor 

209 
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FIGURE 8-1 A typkd optocw' 
pier drcuit 

housed in a light-excluding package. In normal operation, a current through 
the LED produces a light source, the intensity of which depends on the 
exciting current, which in turn modulates the phototransistor producing a 
collector current proportional to the forward diode current. Figure 8-2 shows 
an optocoupler connected in a basic linear operational mode. 

In order to design the Input circuit, die parameters-needed «re the diode 
forward current If, the diode forward voltage V,, and the input voltage V,,. 
Then the current limit resistor R may be calculated from the following 
equation: 




In general, diode forward voltage is plotted vs. diode forward current 
and is given in the manufacturer's specification sheets. Thus, an operating 




Vcc 
9 




FIGUBE^M An optacouj^er connected 3p a batic linear 
nibde. Adlode tbrwirdcwTeatlrCenerate* alight loufce, 
. indiwlnc caibdor awmt Ic to Sow u lb* pliotalnai^ 
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point may be chosen and the current Hinit resistor can be easily calculated. 
The basic parameter of interest in the output section of the coupler is the 
collector current Ic of the phototransistor. 

Tlie amount of current generated in the collector of the phototransistor, 
is proportional to the diode forward current if and the optocoupler's de 
current transfer ratio or coupling efficiency tj. If the diode forward current 
is known, the collector current of the phototnp|^tor may be calculated by 

Ic = nh (8-2) 
The manufacturer's data sheets normally give a dc current transfer ratio 
curve at a specified collector-emitter voltage Vc£. From this information the 
collector current (and emitter current) may be derived, which allows choos- 
ing the value of Al in order to get a specified output voltage V„t (see Fig. 
8-2). 



8-2 A SBJP.MAS TKHMQUE USED M PRIMARY 
MDMEFERBICED POWIR SUPPUES 

Although base drive transformeis may be used to provide the necessary 
input-to-output isolation in a switching power supply, they are most com- 
monly used in bridge type designs, mainly because of necessity rather than 
choice. The majority of the flyback or forward converter designs use an 
opto isolator to adiieve the necessary isolation. 

The use of an optoisolator gready simplifies a design, becai% It eRm Mates 
the need for the driver transformer and the bias transformer. Since, in this' 
case, the total control circuitry may be primary side-referenced, start-up 
and self-bias techniques may be used directly firom the high-voltage line and 
the high-frequency transformer to bias the control circuitry. 

Figure 8-3 shows the implemen6ition of a self-bias circuit which may be 
used in this family of power supplies. The function of the circuit is as follows. 
When the ac input voltage is applied, the PWM control and drive circuit 
receive a bias voltage Vc set by the linear regulator formed by Hi, Zi, and 
Qi connected directly to the dc high-voltage bus. Alter the power supply 
starts, an auxiliary winding in the main transformer provides a voltage Vp, 
the value of which is chosen by design higher than the voltage Vq, conse- 
quently back-biasing diode Dg and turning off the linear regulator. Under 
this condition die power supply provides a self-bias voltage to keep it 
running, while no powerls dissipated in the start-up regulator. 

Caution must be exercised when designing this circuit to select a high- 
voltage transistor capable of sustaining the base-collector high-voltage stress 
when it is off. This circuit is a typical application of a self-exciting auxiliary 
power supply, and many other drcuitis based on diis principle may be de- 
veloped to suit individual needs. 
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8-3 OmCOUPLER CIRCUIT DHHON W WOWM WPUT-TO-OUTHJT 
nOLATIOinNA SWITGHINO POWR SUPHY 

When the optoooupler is used in an off-the-Iine switching power supply for 
the purpose of providing input-to-output isolation, the following design cri- 
teria must be kept in mind: 

1. The optocoupler must sustain an isolation breakdown voltage as dictated 
by local and/or intemadenal safety standards. 

2. The amplifier circuitry driving the optocoupler must be well designed to 
compeosste for the couplers thermal instability and drift. 

3. An optoooupler with good coupling efficiency is preferred. 

Normally, the optocoupler in such an application is used in a linear mode; 
that Is, a control voltage at the input of the coupler results in a proportional 
output vol&ge to be used for further control, such as closed-loop regulation. 

A typical circuit connected in this mode of operation is depicted in Fig. 
8-4. The function of this circuit is as fblkws. A portion of the output voltage 
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FIGURE 8-4 Sesuladon control, as well as input-to-output isolation, is provided in tiiis 
flyback drciilt using m optoooiipler. 



in this flyback circuit is derived by the voltage divider comprised of resistors 
R4 and R5. This voltage is fed into one input of the amplifier Ai and is 
compared against a fixed reference voltage whidi is fed into the other 
input of amplifier A|. 

Any difference between the two voltages is amplified, and in turn the 
voltage at the output of the amplifier Ai produces a-cuoent through R3, 
consequendy modulating the tight intensity of the coupler's LED. Hie LED 
light source induces a proportional emitter current at the phototransistor, 
and therefore a voltage drop is developed across Ai.> whldi mirrors the 
voltage at the junction of .R4 and Ag. 

The voltage across is fed into the nonin verting input of the error 
amplifier of the PWM circuit (see Fig. 7-3), while the inverting input of the 
error amplifier is sitting at a fixed voltage, derived by dividing down a 
reference voltage source V^. Therefore the conduction period of transistor 
Qi is adjusted accordingly, in order to maintain regulatfim at the output of 
the power supply. * 
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Althou^ the circuit shown in Fig. 8-1 is a practical realization, the num- 
ber of components needed to' drive the LED of the optocoupler may be 

dramatically reduced using the circuit shown in Fig. 8-5, The function of 
this circuit is exactly the same as the one described for Fig. 8-3. Notice here 
the simplicity and the reduction of parts by using the TL431 shunt regulator. 
This shunt regulator is ofered by a number of companies, i.e., Texas In- 
struments, Motorola, etc. It can be used as a programmable, low-temper- 
ature-coeffident, reference amplifier with current sink o^bilities up to 100 
mA. 

Hie internal 2.S-V reference makes it ideal for operation from a 5-V bus, 
Midiile its output voltage may be externally programmed up to 36 V. Its low 
output noise and low temperature coefficient of 50 ppm/"C are desirable 
features for such an application. Figure 8-6 shows the symbol and block 
diagram of the TL43I. In Fig. 8-S, the Cr-Re capacitor and resistor network 
may be necessary in an actual application for frequency compensation. 




FIGURE 8-5 Using the TL431 shunt regulator to drive the optocoupler LED and to 
provide the neceaury ■mpHfication fu»ctico drMn»ticaUy reduces component cowiL 
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Another inexpensive, low parts count circuit with good performance may 
be designed around a single transistor as shown in Fig. 8-7. In this circuit 
transistor Qi is biased at a set level using zener diode Zi. Hie collector 
ciurentflow excites the photodiode and sets the control voltage level across 

Output voltage adjust is accomplished by varying potentiometer Rouo thus 
modulating the light intensityof th&photodiode. The Hj-Ci iow vfreqtae mty 
filter is added to improve overall power supply stability. 

All the above-described optocoupler driving circuits are typical examples, 
and modifications may be necessary to tailor them to fit individual needs. 
On the other hand these circuits may be used to develop other circuitry, 
even to be used In spedatesed aj^lications.'Tliie fact remains that die op- 
tocoupler is an important peripheral device in the design of switching power 
supplies, providing input-to-output isolation and still maintaining all the 
regulation features of die convoten 
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FIGURE 8-7 A tingle-trmsistor ampliBer-comparatar may be wed 
10 drive die oplbcoiqtler in the feedbardc loop of a switdilng power 
supply. 



8^ SOFT START IN SWITCHINO POIMB SUPPLY HSIONS 

In most switching power supply designs it is desirable to introduce a certain 
delay during start-up, in order to avoid output overshoots and transformer 
saturation problems at turn-on. Circuits which are employed to perform this 
task are called soft-start circuits, and in general they consist of an RC network 
which allows the PWM control circuit output to increase from zero to its 
operating value very "softly." 

Figure 8-8 shows how a soft-start circuit may be implemented in a PWM 
control circuit. At time t = 0, when the power supply is just turned on, 
. csipacitor C is discharged and the error amplifier output is held to ground 
through diode Di, thus inhibiting the comparator output. 

At time t = 0", the capacitor starts to charge through resistor R with a 
time constant determined by 

T = RC (8-3) 

toward the charging voltage V^. As capacitor C attains full charge, diode 
Oi is b'ick-biased, and therefore the output <^ the error amplifier is isolated 

from the soft-start network. The slow charge of capacitor C results in the 
gradual increase of the PWM waveform at the output of the- comparator, 
and consequently a "soft start" of die switidilng element is Initiated 
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FIGUBE 8-8 A typical soft-*Urt circuit used in a FWM control circuit aids 
the gradoailDereaM of iIm FWM slinal to its operalini value. 



Diode Di is used to bypass resistor R in order to discharge-die capacitor 
C fast enough in case of system shut-down, thus initiating a new soft-start 
cycle even-during very short interrupt periods. In some second-generation 
PWNf control integrated circuits, R has been substituted by an oti-diip 
current generator, thus the only external element requlied to implement 
the soft-start feature is the addition of capacitor C. ^ 

It is obvious thrt the soft start imposes a certain delay on the rise time 
of tiie output voltage, thus a reasonable value of R and C must be selected 
to keep this delay within practical limits. 



CURRIHT UNHT CIRCUiTS 

A switching power supply is generally designed to operate safely at a pre- 
determined output power level. Operation beyond the nominal output cur- 
rent should be avoided, butiacasean overcurrent or short-circuit condition 
occurs, the power supply must have some means of protection against per- 
manent destruction. 

Current limit circuits are basically protective networks which will limit 
the output current drain to a safe level in case of an output short-circuit 
condition. There are many ways of implementing a current limit circuit by 
placing it either at the primary (input) side of the power supply or at the 
output section. Of course, the opUmum current limit topology greatly de- 
pends on the specific power supply design which it protects. Single-output 
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designs may be equally protected by placing the current limit at either the 
input or the output section. Thus, for primary-referenced direct drive power 
supplies, it may be convenient to place the current limit at die input side, 
while for power designs using base drives, it may be beneficial to place the 
current limit circuit at the output bus. 

Although direct coupling of the current limit circuit with the monitored 
bus may be convenient, simple, and may require a low parts count, trans- 
former-coupled current limit circuits are also extensively used, especially 
when grounds are not common and voltage level translation is required. 
Current limit circuits may be implemented by discrete components, or in 
IC PWM control circuits the integral current limit function may be used. 

It should be noted here that the current limit must have a &st response 
in order to protect the power supply before destruction occurs. 

8-5-1 Current Limit Circuits for Primary- 
R«f«r«iicMl DIrael Drt¥« DOTlgwn"' 

Primary-referenced direct drive designs, such as flyback or forward con- 
verters, are easily current limited. Figure 8-9 shows two ways of achieving 
current Ibititlng In such designs.. . 




W - (b) 

FICUBE M In flyback or forward eonverlers, a simple resistor in series witli the switch 
win pfovide die aecOMiy vthage drop l<> turn on the transistor (o), or activate the IC 
caniMirator (&}, and ahoriea dM drive pube In case of overcurreat conditions. 
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In Figure 8-9a, the peak piimaiy current is monitored in terms of a 
proportional vohage drop developed across the current Itaiit resistor Rsc- 
The value of resistor Ajc is given by 

Bsc - . ^ (w) 

When the voltage drop across resistor fljc exceeds the base-emitter threshold 
voltage, transistor Q2 turns on. The collectorof is returned to the osdllatDr 
output or a shut-down port. 

If an overioad or short exists at the output of the power supply, primary ' 
current increases dramatically, turning transistor Q2 on, harder and harder. 
The collector of Q^, in turn, pulls the oscillator output toward ground, or it 
activates the shutdown drcult, thus Uniting Qie available primary currait 
to safe levels. 

A fiister and more accurate current limit circuit is shown in Fig. 8-9fc. 
Such a current limit is popular among PWM control circuit ICs. Although 
the principle of operation of this circuit is similar to the one described 
previously, tihere are certain distinct advantages in using this circuit vs. die 
transistor one. First, the comparator's current limit-activating threshold 
voltage is preset to an accurate and predictable level, as opposed to the wide 
threshold of a bipolar transistor. Second, this voltage threshold is made 
small enough, typically 100 to 200 mV, allowing the use of a smaller current 
limit sense resistor value, therefore increasing die overall dGciency of die 
converter. 



8-5-2 Current Limit Circuits for Designs Utilizing Base Drivers 

Normally in designs which utilize base drive isolation between the control 
circuitry and the sviatching transistor, such as half-biidge, full-bridge, and/ 
or flyback and forward converters, the output section shares a common ground 
with the control circuit. In such cases the current limit circuit may be diiecUy 
connected to the output bus.- Such an implementation is shown in Fig. 
8-10. 

"Under normal operation the load current fi, is small enough to develop 

a sufficient voltage drop across fljc to turn on transistor Qi. Since Qi is off 
and = 0, capacitor Cj is totally discharged and consequently transistor 
Qt is off. If Zt is increased to a value such that 

Itfisc = V«j.p, + Jsifli (8-S) 

then collector current fci starts to flow, charging capacitor Ci widi a time 
constant determined by - 

. T - HiCi • (8-6) 
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The ^larging voltage at capacitor Ci will attain a value 

Vci = hzRi + Vbe.qz (8-7) 

In order to minimize loading on the capacitor voltage, a Darlington transistor 
with a very high hps is chosen for Qi. This will limit the base current hi to 
microamperes. Choose R4 < R3 in order to allow fiist discharge of Ci, after 
a current overload has been detected. 
Rt is selected as follows: 



'81,1 

and 

Therefore, 



(Vi - VcE.^,.Qi)Ri 



In a properly designed circuit, Vci reaches its value iast enou^ to bias 
transistor Q2 on, which in turn shuts down the regulator's drive signal. 

Recovery of the circuit is automatic upon removal of the overload. If 
integrated FWM control circuits are used with biiHt-in current limit com- 
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parators, the circuit in Fig. 8-9fc may very well be used by moving the 
current limit resistor Rsc at the output positive bus. 

Although both methods work well to detect an overcurrent condition, the 
presence of the power resistor Rgc may become objectionable, especially in 
high-cunent outputs bemuse of power dissipation and its adverse effect on 
system efficiency. If that is the case, the circuit in Fig. 8-11 may be used. 
Tids circuit uses a current transformer to detect overcurrent conditions, and 
siXce no loss elements are involved, the overall efficiency of the power supply 
is increased. The drraiit operates as follows. A current transformer T, mon- 
itors load current In producing a proportional voltage determined by the 
scaling resistor R,. Diode D3 rectifies the pulsed voltage, and resistor Rj 
and capacitor Cj are chosen to smooth the voltage. 

When a current overload occurs, the voltage across Ci increases to the 
point M^ere Zener diode Zi conducts, turning on transistor Qi. The signal 
at the collector of Qi may be used to shut down the regulator's drive signal. 
Current transformer Tj may be wound on a ferrite or MPP toroid, but care 
must be exerdsed to keep the core out of satunttioa; Normslly di6 ptAaiy 
consists of one turn, while the number of secondary turns needed to establish 
the necessary secondary voltage is given by 

Since Is — Vj/Ri, the number of secondary turns required to prodyce the 
desired voltage across the capacitor C, at maximum specified load current 
/t is given by 



ipRi 



V, + Vn 



(8-10) 



O3 

I 

0 w * 



O3 



-0 + Vqu, 



To.regulitM 
shutdown 



— C- 

ncyiUB 8-11 A noadlsslpative currant limit circuit, usinE • current trmifomer 
10 d cMd ovumuTent condUlions* 
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Eq. 8-10 gives accurate information for manufacturing the current trans- 
former. Final adjustments in the number of turns may be made during actual 
circuit tests for optimum peifomiance. 



8-5-3 A Universal Current LlmH Circuit 

A universal current limit circuit may be designed that is equally aow to 
perfohn well when placed in eidier the input or die output'section of die 

power supply. Also, this circuit Is well suited for multiple output voltages, 
where the multiplicity of outputs makes individual current limiting a difficult 
task. 

Figure 8-12 shows the basic circuit design. This circuit shows operation 
at the input side of the power supply. Current transformer Tj monitors the 
primary current of power transformer Tj. The secondary voltage of trans- 
former Ti is rectified by diodes Di through D4 and smoothed by capacitor 
Ci- Resistor Rt is used to set the comparator trip threshold. Under normal 
operation the V„f terminal to the comparator is in a higher potential, and 
the comparator output is high. Therefore the 555 one-shot multivibrator has 
a low output, holding transistor Qj off. 




FIGURE 8-12 A one-shut mullMbralw is uied to Jaitlate cnrreal Unit Idmip" wfaea 
an overload b detected. 
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If an overload occurs, the voltage will rise above pulling the output 
of the comparator low. The high-to-low transition at die input of the 555 
produces a one-shot output, turning on transistor Qi. The collector of the 

transistor is tied to the shutdown input or across the soft-start capacitor of 
the PWM circuit, and by pulling it toward ground it terminates the output 
switching pulse, Cutting iown the regulator. 

If the overload persists, the power supply euters a hiccup mode; that is, 
it turns on and off, with a period determined by the 555 one-shot RC time 
constant, until the overload is removed. Recovery then is automatic. Design 
of the toroidal current transformer is the same as descri|}ed in Sec. 8-5-2. 

OVnVOLTAOf PROTECTION CIRCUITS 

Overvohage protection circuits are networks designed to clamp the output'* 
voltage to a safe value, should this voltage attempt to rise beyond a i^e- 
determined value. Although the threat of an overvoltage condition was quite 
likely in linear power supplies, this is not necessarily the case with switching 
power supphes. In feet, most of the failures in a switching power supply 
result at a "no output" condition. Why then use overvoltage protection 
circuits? 

The reason is twofold. First, in power supplies with adjustable outputs, 
overvoltage protection circuits guard against accidental output overadjust- 
ment Second, they reassure die end user about safety against overvoltage, 
even during the rare occasions of such a b^pening. 

A better place to use an overvoltage protection (OVP) circuit is right at 
the electronic circuit which the power supply powers. An OVP circuit therS 
will definitely protect the circuits from accidental overvoltage application 
caused by assembly errors, especially when more than one voltage is to be 
wired on the same circuit. The simplest and most efective way of imple- 
menting an OVP circuit is to use a "crowbar" SCR across the dc power bus. 
When an overvoltage condition is detected, the SCR is turned on by som e 
means, shorting die output terminals. Since during turo-o^t&e "SOI is 
subjected to large amounts of current, careful selection of tlw device must 
be made to suit the intended application. 

8-6^ 1lMZwMrS«M«0VPCIreutt 

One of the most widely used OVP circuits is the one shown in Fig. 8-13. 
Although this circuit provides very poor gate drive for the SCR and also 
decreases the cUfdt handling capability of the SCR, it works feirly well for 
a low-cost design. Under normal operation, the gate of the SCR is groundedj 
keeping the device off. When an overvoltage is detected, zener Zi conducts, 
pulling the SCR gate to the zener voltage, dius turning it on and conse- 
quently shorting the output terminals. 
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FIGURE SaS 
GOiuiXincoCa 
SCR. 



An OVP cirnitt 
diode and Ml 



Once fired the SCR remains on until its anode voltage is removed. In 
poweTtupplts this may be accomplished by removing the input power for 
a few seconds. 

ip«-2 li|l«iratedOVPCIrcMH8 

In recent vears afew dedicated OVP integrated circuits have been introduced 

the designer a number of design features, such « programmable tnp voltage 
tohold, fiist response, low-temperature coefficient tnp pomt. etc. 
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nCURE 8.14 The MC3423 OVP dnadt U«k dieprwi. {Co«rtW|f ^ Motorola 
SmbmduBlV ?roiMta. Inc.) 
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supply 




nCUBE 8-1$ TVpiMl OVP ap^icej^ oL*** MC3423. I^Courtesy of Motorola Semicon- 
ductor Product*, Inc.) 

The earliest of these ICs vm the MC3423. which has becoine an industry 
standard. A basic block diagram of this IC is given in Fig. 8-14. The diagram 
shows diat the circuit consists of a stable 2.6-V reference, two comparators, 
and a high current output. The output is activated by a voltage greater than 
2.6 V on pin 2, or by a high logic level on the remote activation, pin 5. 

Figure 8-15 shows a typical application of the MC3423 in an OVP appli- 
cation. In the circuit, resistors Ri and R2 set the threshold trip voltagp. Hib 
relaHoQship between Vm, and fi|. Ri is given by 

Keeping the value of below 10 Wl fiw minimum drift is recommended. 

The value of R, and R2 may also be calculated by using the graph of Fig. 
8-16. Id the graph, Rj = 2.7 kfl, while Ri may be directly calculated from 
flie intersection of thetrip voltage wi* the desired curve. 

The MC3423 OVP circuit also has a programmable delay feature, which 
prevents false triggering when used in a noisy environment. In Fig. 8-15, 
capacitor Co is connected fixwn pins 3 and 4 to the negative rail to implement 
this function. The circuit operates as follows. When Vcc rises above the tr^ 
point set by Ri and R2, the internal current source begins diar^ng the 
capacitor Cp connected to pins 3 and 4. If the overvoltage condition remains 
present long enough for the capacitor voltoge Vcd to reach V„^, the output 
is activated. If the overvoltage condition disappears before this occurs, the 
capacitor is discha^ at a rate 10 times faster than the charging time. 
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°0 S.0 10 16 20 28 30 . 

Vtrlp,voltt 

flCURE 8-16 The threshold resistor values may be directly cal- 
culated from this graph, which plots fi , vs. trip voltage for the MC3423 
OVF drailt. (Cmrteit cf Umnia SMOeDiiAietor Pnducti. Inc.) 



resetting the timing feature. The value of the delay ct|iadtor Co may be 
found from Fig. 8-17. 

A more elaborate OVP circuit, the MC3425, is in many respects similar 
to the MC3423, but the former one may also be programmed for under- 
voltage detection and also line loss mmitoring. The blodc diagram of the 
MC3425 is shown in Fig. 8-18. Notice that this is a dual-channel circuit, 
with the overvoltage (OV) and undervoltage (UV) input comparators both 
referenced to an internal 2.5-V regulator. The UV input comparator has a 
feedback-activated, l2.5-fiA current sink In, which is used for programming 
the hysteresis voltage Vh- The source resistance feeding this input Ru de- 
termfaies the amount of hysteresis voltage hy 

V« = I„Rh = (12.5 X 10-«)R„ (8-12) 

Separate delay pins 2 and 5 are provided for each channel to independently 
delay the drive and indicator output pins 1 and 6, respectively, thus providing 
greater input noise immunity. The-two delay pins are essentially the outputs 
of the respective input comparators and provide a constant current source 
Ij of typioilly 200 fiA when the noninverting input is greater than the in- 
verting input level. A capacitor connected from these delay pins to ground 
will provide a predictable delay time tj for the drive and indicator outputs. 
The delay pins are internally connected to the noninverting inputs of the 
OV and UV output oomparatws, which, are referenced to the internal 2.5- 
V regulator. Therefore delay ^e tg fs based:oit the constant current source 
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FICUBE 8-17 Delay capacitance Co vs. minimum overvoltage duration tg for the MC3432 
OVF drcnb. (CourtMy of Motonda Samloonibtctor Product*. Inc.) 



10 



Id, changing the external delay capacitor to 2.5 V. The delay time U c^ 
be calculated as follows: ' ^ 

From Eq, 8-1? die delay capacitor can be easily calculated for a wide range 
of delay times, or it may be directly determined using the graph of Fig. 
8-17. 

Hie delay pins are pulled low «^en the respective input comparator's 

noninverting input is less than the inverting input. The sink current Ij 
capability of the delay pins is greater than l.S mA and is much greater than 
the typical 200 /lA source current, Jgiiu^enab^ag a relatively fost delay 
capacitor discharge time. 

The overvoltage drive output is a current-limited emitter follower, capable 
of sourcing 300 mA at a turn-on slew rate of 2 A/pis, ideal for driving 
"crowbar" SCRs. The undervoltage indicator output is an open collector, 
NPN transistor, capable of sinking 30 mA to provide sufficient drive for 
LEDs, small relays, or shut-down ciipuitry. These current capabilities apply 
to both channels operating simultaneously, providing device power dissi- 
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FIGURE 8-18 Tlie dual-chaimel MC3425 power supply lupervitory, overvoltaget uodei^ 
vohage prDtocdoB dreuit. (Cowtay tfotoreb StnAxnduetor frodueii, inc.) 

\ 

pation limits are not exceeded, The MC3425 has an internal 2.5-V band gap 
reference regulator with an accuracy of ±4 percent for the basic devices. 

Figure 8-19 shows a typical application of the MC3425 in an overvoltage 
protection dreuit, with undervoltage &ult indication. Note that delay ca- 
padtois, have been added to pins 2 and 5. 



8-7 AC LINE LOSS DETECTORS 

In many computer applications, an ac line loss or a brownout condition must 
be detected in timely feshion in order to transfer valuable data to nonvolatile 
memory banks or to trigger an uninterruptible power supply (UPS) to take 
over before the power £u1ure occurs. This line loss detection must be done 
within a cycle or two of the ac frequency, since most of the switching power 
supplies have a hold-up time of 16 ms minimum, enough to power the circuits 
between line loss detection and take-over time. 

Using the MC3425 integrated circuit, the power supply designer may 
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accomplish two design goals. First, half the MC3'125 may be utilized as an 
OVF circuit, while the other half may be used to detect ac hne loss or 
brownout conditions. Figure 8-20 shows a typical ajiplication of sudi a circuit. 

As a line loss detector, input pin 4 of the MC3425 is connected as an 
undervoltag^ sensing circuit to sense the center tap of a full-wave rectified 
signal propo -tional to the ac line voltage. At each peak of the line the output 
of the comparator discharges the delay c^citor C^. If a half cycle is missing 
from the line voltage or if a brownout occurs reducing the peak line voltage, 
the delay capacitor is not discharged and it continues to be charged as shown 
in Fig. 8-21. If a sufficient number of half cycles are missing or if the brownout 
continues for a sufficient time, the circuit will detect an ac hne fault and will 
output a line &ult indication on the indicator output, pulling pin 6 low. 
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FIGURE 8-19 Overvollage protection asd undervoltage fault Indication with 
programmable delqr, using die MC342S. (Courtesy Motorola Semiconductor 
Products, Inc.) 
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FIGURE S-20 Tht MC3423 integrated circuit may be usea to detect r>i line faults 
and overvoltage conditions, independency. {Courtesy Motorola Senuconductor 
Product!, Inc.) 

The delay capacitor is used to provide some noise immunity and to prevent 
the loss of a single half cycle from tri;^ring the line fault signal. The 
minimum time the fault condttidn must oCour im be adjusted by changing 
the value of the delay capacitor. The graph of Fig, 8-17 may be used to 
specify the delay capacitor. 
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FIGURE 8-21 Waveforms illustrating brownout conditions and line 
loss detection for the circuit in Fig. 8-20. (Courtesy Motorola Semi- 
oondactor Products, Inc.) 
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NINE 

STABILITY IN SWITCHING 
PQWER SUPPLIES: 
ANALYSIS AND DESIGN 



9-0 INIKODUCnON ' - — 

The subject of stsCbility, which pertains to the closed-loop frequency response 
of switching regulators, has undoubtedly received much attention, and a 
score of papers have been published on and around the subject To most 
practicing engineers as well as students, however, feedback control loop 
stability seems to be shrouded by a cloud of mystery. Although most de- 
sixers do understand what causes a switching power supply to oscillate, 
many of them stabilize the loop using a trial-and-error approach or fancy 
mathematical models which require extensive use of the computer. ** 
This chapter presents feedback loop stability, blending theory and practice 
in a coherent way, in order to give the reader the necessary toob to stabilize 
switching regulators with little eiort, mudt enjoyment, and great reward. 

9-1 IM LAPUM TRANSFROM 

In most linear systems, the input-to-output relationship characterizes the 
system, and the differential or integrodifferential equations which mathe- 
matically describe the system give an idea of the response to some input 
excitation. These equations are generally given in the time domain and are 
difficult to manipulate. By applying the Li^lace tiansfbrm, l^e equations 
are "transformed" to the frequency domain, thus taking an algebraic form, 
which is easier to handle. After the desired result has been derived, trans- 
formation back to the time domain may be achieved by applying the inverse 
Laplace transform. 

By definition, if/(t) is any function of time such that /(0 = 0 for t < 0 
and the integral Jo"/(t)e-* lit has afinite value, then/(s) is the Laplace trans- 
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form of f{t). The Laplace operator s is defined as the complex variable 

s ■ ff + Jeo (9-1) 
and the Laplace transform is defined as 

m = j'^me-dt (9-2) 



EXAMPLE 9-1 

Find the Laplace transform of the unit step functioa, defined as fit) — I 
for t > 0 and/{») - 0 for t < 0. 

SOLUTION 

Usldg Eq. 9-2 we have 



/(«) = f'le-«<fc * --e- 



1 

0 « 



therefore 



It can be seen from Example 9-1 that any time fonction may be transformed 
in terms of the complex variable s. In case dte result is required in the time 
domain, the Inverse Laplace transform, given by 

/{*) = —^^VWe-'ds (9-3) 

may be used to obtain /(f). 

There are tables which give both f{s) and/(t), so that transformation from 
time to frequency domain and vice versa may be done quiddy and ^dendy. 



9-2 TRANffiSS HJNCTIONS 

So far so good, but how can the Laplace transform be used in our study of 
system stability to derive usefol information? The iirst step is to derive a 
relationship between input driving signal and output response of a system. 
As an example, let us examine the simple AC network given in Fig. 9-1. 
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nCURES-l (a) An BC integrator drcuK and Wfli gain and 
pliasepIoL 

Using Kirchhofs law the network equations may be written as 



and 



Substituting q = Ji dt, the above equations reduce to 



and 



V -2 



Taking the Laplace transform, 

VJis) - {sR + q(8) 



(M) 
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and 



VUs) = ^ (9-5) 



Dividing £q. 9-4 into Eq. 9-5 we get 



VM sRC + 1 



Hie ratio of Vo„,(s)/V,„(s) is defined as the transfer function G(s). The im- 
portant thing here is to recognize that this functioa has a gain and a phase 
associated with it. Any system, therefore, may be described by its transfer 
function 

In such an equation, the roots of N($) = 0 are called the zeros of the system, 
while the roots of D{s) = 0 are odled the poles of the system, Hie most 
convenient way of plotting the gain and phase of a transfer function is on a 
decibel basis, and such plots are called Bode plots, after the man who 
developed them. 



9-3 BODE PLOTS 

We mentioned before that a transfer function equation has poles and zeros 
and that these poles and zeros determine the slope of the gain plot. Let us 
now examine Eq. 9-6 and Fig. 9-1. The equation shows a pole in the de- 
nominator. By setting sRC -I- 1 ■ 0, we get 

«RC - -1 

and 

Equation 9-8 shows a very important result — that a pole will cause the 
transition of the gain plot from 0 to - 1 at a frequency/; " l/2nRC. This 
frequency is called the comer or break frequency, so termed because the 
asymptote breaks here. 

If we determine the rate of change of this asymptote, we see tluit the 
slope is -6 dB per octave, or -20 dB per decade. An octave is a 2:1 range 
of frequencies, while a decade is a 10: 1 range of frequencies. Likewise the 
phase of the network changes at points /</ 10 and iO^, producing a 90" phase 
lag. 
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To summarize, then, a pole will cause a transition from a -I- 1 to a 0 slope, 
or 0 to -1, or -1 to -2, or -2 to -3, etc. This corresponds to a gain 
change per octave of -t-OdB, OdB, -6dB, -12dB, and -18dB, associated 
with a phase shift of +90°, 0°, -90°, - 180°, - 270°, respectively. The gain 
change per decade is\+20 dB, 0 dB, -20 dB, -40 dB, and -60 dB, 
associated with a phase shift of +45°. 0°, -iS", -90°, -135°. 

Zeros, on the other hand, are points in frequency where the slope of the 
Bode pk>t breaks upward, causing a transition of the gain plot from a - 1 to 
0 slope, or -2 to - 1, or -3 to -2, etc. Accordingly the phase shift would 
now be leading by 90°. Figure 9-2 shows circuits which cause poles and 
circuits which cause both poles and zeros. 

In order, then, to plot any network in a Bode format, first determine its 
transfer function using Laplace transforms; then arrange the equation in the 
fbnn 

_ (1 + atiXl -h jTg) - (1 + ap 
V,. (1 + »t.)(l + an) - (1 + ST,) 

Points Ti, Tj, . . . . r. correspond to Qie zero break frequencies, while points 

r«. Tj, . . . , T„ correspond to pole break frequencies. Then plot the gain 
vs. frequency on logarithmic paper, choosing a gain change slope corre- 
sponding to decibels per octave or decibels per decade. 

If phase shift is to be plotted, remember that a pole causes a phase lag 
of 90f, while a zero causes a phase lead of QO* per decade. Since all the 
information on gain-phase plots is plotted on logarithmic paper in terms (Jf 
decibels, simple addition of the individual asymptotes is required to derive 
ihe final rate of closure. 



9-4 FEEDBACK THEORY AND THE CRITERIA FOR STABIUTY 

Any switching regulator may be treated as a dosed-kiop feedback control 
system. A block diagram of a closed-loop system is depicted in Fig. 9-3 
where the output signal is fed back and compared to the input. A reference 
signal fl(s) is compared to a feedback signal B{s) at the summing point, and 
the error signal £(«) inputted to block G(a), and ^ output C(s) is obtained. 
In order to derive the closed-k>op transfer fiuiction /(«), we proceed as 
ibilows: 

'C{a) - G(3)E(s) 
B{a) - HU)C(») 

£(») - R(s) - B{s) •= R(s) - H{s)C{s) 
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6(1) 



His) 



C(i) 



FIGUBGO^ Block diagram of a doMd-hMp CecdiiaGk ooDtrol lyi- 



Eliminating £(«) finm die above equations, we get 

C(») - G,(«)R(*) - H(»)G(»)C(*) 
and the closed-loop transfer function b 

^(») 1 + G(.)H(») • ^^^^ 

The term G(s) is the open-lo<9 S^> the term 6(<}J!I(«) Is called the. 
«^n-loop transfer function. • 

In order to derive a conclusion about the stability of the system, solution 
of the dianKteristic equation 

win give the poles of the closed-loop transfer function, since they characterize 
die respraise of the system. TherefiM-e, the feedback system must b« ex- 
amined for each value of c!osed-1bop gain to determine the rate of diosure 

between open-loop and closed-loop gain. The objective of stability analysis 
is to reduce the closed-loop gain roll-off rate to a -1 slope, i.e., -6 dB per 
octave or — 20 dB per decade, at the region of unity gain crossover (0 dB). 
At that point the phase shift will be less than 360°, a condition for a stable 
system. Hie amount the gain is below unity when the total phase shift is 
360°, is called the gain margin, while phase margin is the difference between 
the actual phase shift and 360°, when the loop gain is unity, as shown in 
Fig. 9-4. 

A typical switching power supply closed-loop system is depicte4 in Figure 
9-5. The loop consists of two typical blocks: The modulator, where the power 
processidg takes place, in series with an amplifier generaUy called the feed- 
back or error amplifier. Althou^ the modulator shown here is a buck legt 
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FIGVBEM Phateaod gain margin pIoboTa feedback sjialenLPhMe 
shift it plotted he re in tenat of ltHI*heGause at dc the feedback is negative, 
i.e., dieieitanadditianal larofphMoiUftbira totdofStiVpfaase 
ihift M ddfaied Il>.die4eit 



ulator type, die discusskm to toOow holds true for anjr motiuktor no matter 

how complex. _ . 

To optimize the design of the feedback loop in order to achieve stable 
overall operation of the system, the first step is to determine and plot the 
control-to-output transfer iunction of the modulator and draw its Bode plot 
Typical Bode plots of a modulator showing both gain and phase are shown 
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j_ _Mn£|MI I 

FIGURE 9-5 A typical feedbadc contralloop, showfaig dw 
nudtdator and error amplifier. 



in Figs. 9-6 and 9-12. The next step is to determine the unity gain crossover 
frequency and the desired phase margin. The unity gain crossover frequency 
should be chosen based on desired performance, but a rule of thumb is to 
choose a frequency at about one-fifth the regulator's clock frequency. 

The desired phase margin, that is, the difference between the actual phase 
shift and 360° when the loop gain is unity (0 dB), must be at least 30° or 
better. A good compromise is 6(f, which also gives a good transient response. 
Hie final step then is to compensate tbe feedback or eoorjunplifier so di^ 
its gain is equal to the reciprocal of the modulator gain at the desired fire- 
quency. 

lb achieve overall system stabibty and adequate phase margin, the am- 
plifier gain combined with the modulator gain should produce an overall 
gain plot which crosses the unity gain (0 dB) line at the desired crossover 
frequency, at a -1 slope, as shown in Fig. 9-14. The -1 slope introduces 
90° of phase lag, which combined with the 180° of phase shift already existing 
at dc (inverting amplifier), gives a total phase lag of 270'. Since there is 90' 
left to get to 360°, the phase margin will be 90°. Remember, as mentioned 
in Sec. 9-3, that a - 1 slope introduces 90° of phase lag, a -2 slope, 180° 
of phase lag, and a -3 slope, 270" rf phase lag. It is therefore obvious that 
a loop system with a -2 slope at unity gain crossover has no phase margin 
because the total phase shift is 360°, while a loop system widi 8-3 slope 
will oscillate because the total phase shift around the loop exceeds 360°. 

The following paragraphs of this chapter will examine analysis and design 
techniques fai tailoring l^e gain of As enor amplifier, allowing prediction 
and plotting of loop performance rfany switdiing regulator, without tedious 
trial-and-error efforts. 
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9-5 OFF-THE-LINE SWITCHING POWER SUPPLY STAIIUTY ANALYSIS 
9-5-1 Control-to-Output Transfer Function 

All off-the^ine PWM switching power supplies consist, more or less, of a 
modulator, an error amplifier, an fsdatlon transformer, and an output LC 

filter. The controi-to-output transfer ftinction of a switching power supply 
using a PWM controller IC includes the gain of the sawtooth modulator, 
the power switching circuit, and the output filter characteristics. 

In single-port direct duty cycle control PWM power supply topologies, 
a voltage Vc ^plied to the control port of the PWM comparator (see Figs. 
7-3 and 7-5) is compared to a sawtooth voltage of constant amplitude Vj to 
change the comparator's output duty cycle from 0 to 1. The resulting duty 
cycle dot&s drive waveform then varies as 

5 - ^ (9-11) 

The gain of the buck &mily converters, i.e., feed-forward, push-pull, and 

bridge converters, is given by 

Y^^^S-^-^ ' (9.12) 

where N^INp is the transformer secondary-to-primary turns ratio, and 

Vi„ is the transformer primary voltage. 

The gain of the buck-boost converter, i.e., the flyback, is given by 



V.„, Ns S Ns Vc 



V„ Nfl -d NfVs - Vc 



(9-13) 



In order to obtain the control-to-output voltage dc gain of a PWM power 

supply, Eqs. 9-12 and 9-13 are differentiated with respect to Vc, i.e., 
dV^/dVc- For the buck family of converters, 

In decibels the dc gain.is given by 

(do gain)« = 20 logio^^ (9-15) 
For the i3udc-4)oost iiunily of converters, ' 
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FICIJRE 9-6 Control-to-output transfer fuuitlan characteristics of JLC 
filter and modulator, of a FWM swUdiing power supply. The -1 dope 
at about 20 kHz is caused by a zero due to the ESR of the output filter 
capacitor. The phase is also shown. 



In decibels the dc gain is given by 

(dc gain)dB " 20 logioj^ 



V«.)^ 



(9-17) 



The output filter on the other hand is normally an LC type, with a slope of 
-2 (-40 dB per decade), as shown in Fig. d-2b. The overall closed-loop 
gain of the power supply is therefore 



^ = l(Gain)//(s)] 



(9-18) 



This means that the Bode curve of Eq. 9-18 has a dc gain which is flat out 
to the resonant frequency of the LC filter and then &lls at a -2 ( - 40 dB 
per decade) slope, as shonwn in Fig. 9-6. 



9-5-2 Error Amplifier Compensation 

In the majority of the PWM control ICs, the error amplifier is a high-gain 
operational amplifier, which generates the error signal to tlie control fnpnt 
of the modulator. Closing the loop iji a PWM switching power supply in- 
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vdves the active role of the error amplifier, and the objective is to > 
the feedback networic around the amplifier such that the overall loop gain 
crosses the 0-dB (unity gain) line at a - 1 (-20 dB per decade) slope. 

In order to plot the amplifier characteristics in a Bode format, its gain 
must be written in a Laplace form. Let us examine the properties of a simple 
operational amplifier first, and see how we will be abk to write its transfer 
function in a Laplace format. Figure 9-7 shows an operational amplifier and 
its feedback impedances. As mentioned previously the transfer function of 
this circuit is the ratio of output voltage to input voltage, and for an oper- 
ational amplifier 

Ysa^'k (9-19) 

Since Zf and Z, represent complex impedances, when the Laplace trans- 
form is applied to them, Eq. 9-19 may take the form 

_ (liLliXisLiJ) ' f9.20) 

V,. " {t^stx^a +1) ^ ' 

The operator r represents a time constant RC in Eq. 9-20. The terms in the 
numerator represent zeros, while those in the denominator represent poles. 
The term (tj*) represents a pole at the origin because it lades the + 1 term. 

In order to appreciate the ease by which one can write the transfer function 
of any operational amplifier with complex impedances, and also sketch its 
transfer function in a Bode plot, the circuit in 9-8 will be used as an 
example. By inspection we write, 

YsS.-h^ «3 + ^'^i' (9.21) 

V,„ Z. Rj + {R,(l/C,«)/rR, + (1/Ci«)l} ^ 

■ Vjj, Ih - i.C,s ^ R3 + i/c,j 

Vfa " Ri + {(fl,/Ci»)/URiC,« -h 1)/C,s]} Ri + [Ri/(RiCt* + 1)] 

~ (fiifl^CiS -h fii)/(RiC,s -H 1) R,(R,Cii + l)/(RiCiS + 1) 

_ (flaC^i + IXfliCii -H,l) (9.22) 

(R A«XRfC>* + 1) 
Comjiariiig Eq. 9-22 to E9. 9-20, 

T»-R,C, 
Xi = RiC| 
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(b) 

nGUBE9-8 (a) Operational ampl£erwiditeedkMd[bvcdiiicetiiid(b)ib fatal 
.Bode plot ihowfagzenKiMle pain. TtMjhaieu also iho^ . _ ^ . . 
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The gain at/i and/g is 

The Bode pbt break or comer frequencies are determined by 



(9-26) 



and 



In an actual design application, the break frequencies are normally pre- 
determined by the design objectives. Then the values of the resistors and 
capacitors may be easily calculated using Eqs. 9-23 throu^ 9>27. The circuit 
shown in Fig. 9-8o may be used in any PWM switching power supply for 
error amplifier compensation, with the overall loop gain crossing over be- 
tween/2 and/3 in onder to achieve a - 1 sbpe at 0 gain crossover, which is 
the final objective of bop stability analysis. 

Some other popular error amplifier compensation networks have been 
published, and they are presented here. The simplest form of feedback 
amplifier with a single-pole rolloff is shown in Fig. 9-9. The transfer iunction 
of dte amplifier in Fig. 9-9 Is 

V 1 

^ - — (9-28) 



Vfc RCs 



with a break bequency 



Another amplifier configuration Is shown in Fig. 9-10, where a zero-pole 
pair has been introduced to give a region of frequency where the gain is fiat 
and no phase shift is introduced. The region with constant gain occurs be- 
tween die break frequerides /i and ft- This region must be used for loop 
gain crossover, when t)ie droiit is used as an error amplifier in PWM ptnwer 
supplies. 

The previously discussed method of analysis may be used in this circuit 
also to derive the gain and break frequencies, the results of which are as 
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C 




(b) 

FICL'KE 9-9 (a) A single-pole feedback ampMw Mid (It) IlLgRbi wkLphMe 
plots. Also known as a type 1 amplifier. 



fellows 

AV = 5j - ■ (9^) 

^ Ci + Cj ^ I . . 

^* 2jiftaC,C, 2«fi,C, ^ ' 

The amplifiers of Figs. 9-8 and 9-10 ofer improved power supply transient 
response when the supply is subjected to output load changes, as opposed 
to the slow response the am^ylifier shown in Fig. 9-9. 

Although it seems to be complicated, the amplifier depicted in Fig. 9-11 
will give a very good transient res[ionse. In this circuit two zero-pole pairs 
have been introduced to give a region of firequency where the gain is in- 
creased at a + 1 sVxge with a 90° phase jead. The performance of this amplifier 
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FIGURE 9-10 (a) An operational ampliSer t «d (W »« »*• 

and phase plot. Also known as a type 2 1 



is very similar to the one shown in Fig. 9-8. The gains and break fiequencies 
are finind to be as IbOows: 



R1R3 



R3 



(9-34) 
(9-35) 
(9-36) 
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27CR3C3 

^ Ci + Cjj ^ — !__ (9.38) 

When the circuit of Fig. 9-110 is used as a compensated enor amplifier in 
a PWM switching power supply, loop crossover should occur between f, 
and A for better results. 

Although many more circuits may be used as error amplifiers with com- 
pensation; the four circuits presented here should be adequate to use in the 



v«,o- 



H( 1 



tV,et) R, ''tias 




(a) 




nCUBEWl («) An operational amplifier with tv»ze«>-pole pain Kid 
(W ill gain and pha« pJoB. Alio known as a type 3 amplifier. 
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ini^ty of PWM switching power supplies for loop stability analysis and 
design. The following example shows step-by-step stability analyds in an 
actual switching, j^gllcation, using theory presented in the above paragraphs. 

EXAMPLE 9-2 

Consider a half-bridge power supply designed to accept both 90 to 130 V 
ac or 180 to 260 V ac, working at 20 kHz and using the UC3524A PWM 
control circuit. The LC output filter has been designed to have a resonant 
comer frequency at 1 kHz. The power transformer primary-to-secondary 
turns ratio Nf/Ns = 18. Design the error amplifier compensation network 
in order to achieve overall power supply stability, and sketch the overall 
kxip gain Bode plot. 

SOLUTION 

First let us choose an amplifier configuration from the four circuits presented 
in this chapter. Althou^ with careRil design all the amplifiers will work, 
the one in Fig. 9-11 is chosen, since" it will give good transient response. 

The second consideration is to choose the crossover frequency where the 
gain is unity and the Bode plot crosses at a - 1 slope (-20 dB per decade). 
Theoretical limits setthe crossover frequency at half the switching frequency, 
but from practical experience less than one-fifUi of the switching frequency 
is used. For this analysis we choose a crossover frequency of 4 kHz, which 
is one-fifUi the switching frequency and one-tenth the modulator frequency. 

Since we are using the UC3524A, the control voltage Vc swings 2.5 V to 
change the comparator's drive waveform from 0 to 1. We also take die worst 
case of input voltage, i.e., 130 V ac. The control-to-output voltage gain using 
£q. 9-15 is 

(dcgain)«.20log„(^g)»201og.„(g-^) 

= 20 logio^^j = 20 logjo 4.04 = -H2 dB 

The output transfer function characteristic (s depicted in Fig. 9-12. Al- 
though in practice the asymptote of Fig. 9-12 has a break frequency due to 
the ESR of the output capacitor, its effect on the overall loop gain in this 
example is of no importance, and therefore it has been omitted for simplicity. 

From Fig. 9-12 by inspection, the control-to-output gain is + 12 dB at 
low frequencies, rolling off above 1 kHz at -40 dB per decade, so that at 
the chosen crossover frequency of 4 kHz the control-to-output gain is -12 
dB. The &ct that the magnitude of both gains is |12 dB| is purely coincidental. 
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FIGUIIE9-12 Control-UHMitpttttraiiiferfiinctignaf EunpleS-l. . 

Therefore, for an overall loop gain of zero, the feedback amplifier gain must 
be made + 12 dB at 4 kHz. 

The important thing to remember here is that the switching powef supply 
will be stable if the overril^ loop- gain crosses over the 0-dB tine at a -1 

slope. Since the control-to-output gain of the converter is falling at a -2 
slope, as depicted in Fig. 9-12, the feedback amplifier must supply a 
slope at this point for a resulting slope of - 1 (-20 dB per decade). Again, 
the feedback amplifier gain at 4 kHz must be +12 dB (or 4.0) with a -l-l 
slope. Since the input line voltage to the switching power supply swings 
from low to high line, the +1 slope must have some margin to span the 
range of crossover frequencies as the modulator's gain changes with input 
voltage. 

Now, let us find the modulator gain at 1 kHz. It will be 

AV, = ^^(4.0) = 1.00 or 0 dfir 

Let us assume, then, the following characteristics for the feedback amplifier 
and plot its Bode graph. Hie gain Is 12 dB at 4 kHz and 0 dB at 1 kHz. 

We desire a double zero at 1 kHz, a pole at 10 kHz, and a second pole at 
30 kHz. The Bode plot is given in Fig. 9-13. From the graph we get 

AV, = 0 dB or 1.00 




AVj = 19.96 dB or 9.95 
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and 

/,-/,- IkHz 
/a = 10 kHz 

/« - 30 kHz . \ 

Referring to Fig. 9-1 la and Eqs. 9-33 through 9-38, the values' of resistors 
and capacitors to give the required results depicted in Fig. 9-13 are calculated 
as follows. From £q. 9-33, assuming Ai " 10 kO, 

Ri - AV,(R,) = (1.00X10 Ml) = 10 Ml 

From Eq. 9-34 

_A_iokn^ 

AV. - Q OS ^ 



From Eq. 9-35 



From Eq. 9-36 



AV, 9.95 



1 10"* 
' 2«/,R» 62.8 




FIGURE 9-13 Feedback amplifier Bode pM showinK dethcd fre* 
quency and gain characteristics. 
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From Eq. 9-38 



» 0.0005 tiF 



The final amplifier design and the overall loop gain are shown in Fig. 
9-14. Figure 9-14 is plotted by adding the graphs of Figs. 9-12 and 9-13. 
Notice that the overali gain crosses die 0-dB line (unity gain) at 4 kHz, at a 
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FIGURE 9-14 The compensated feedback amplifier md the wwraD system loop 
gain plot of the switching power supply of Enmple 9-1. (Kesistor Hm. h** m> 
effect and is not shown for simptictty.) 
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~ 1 slope, as desired Of course the crossover frequency will change as the 
input line voltage is varied over die 90- to 130-V ac (or 130- to 260-V ac) 
range, but the crossover will still be at a - 1 slope. The reader may verify 
this by plotting the loop gain Bode curves at low line, i.e., 90 V ac 
(180 V ac). 

A 

9-6 STABILITY ANALYSIS AND SYNTHESIS USING THE K FACTOR 

In the previous paragraphs the subject of stability analysis and synthesis was 
discussed, and practical mathematical tools were developed to design com- 
pensated error amplifiers to be used with any type of switching regulator. 
Three basic amplifier types were presented and analyzed, and the design 
equations given with each type have universal usage (see Figs. 9-9 to 9-11). 

The following paragraphs will present a new powerful mathematical tool, 
known as the K factor, «*ich makes the analysis and synthesis of error 
amplifiers even easier. The techniques presented here are valid with any 
type of modulator used, whether buck, boost, or buck-boost. 

It is important to note that in all cases a real operational amplifier Is used, 
either external or part of the IC control circuit, and that the system is 
configured so that negative feedback is required in the amplifier. 

9-6-1 The ^Factor 

The K factor is a mathematical tool for defining the shape and characteristics 
of a transfer function. No matter w4iat type- of amplifier is chosen, the K 

fector is a measure of the reduction of gain at low frequencies and increase 
gain at high frequencies, by controlling the location of the poles and zeros 
of the feedback amplifier Bode plot, in relationship to the loop crossover 
frequency/. 

Figure 9-15fl shows that for type 1 amplifiers K is akvays 1. This is due 

to a total lack of phase boost or corresponding increase or decrease in gain. 

For amplifier types 2 and 3, as shown in Figs. 9-15i> and 9- 15c, the zero 
is placed a fector of K below loop crossover and the pole a iactor of K above. 
Since / is the geometric mean of the zero and pole locations, peak phase 
boost will occur at the crossover frequency. For either case, as K is increas- 
ing, so is the phase boost. 

Math«matieal Expression of the IT Factor 

It is widely known that phase boost, due to a zero-pole pair, is the Inverse 
tangent ratio of the measurement frequency to the zero or pole frequency. 
The total phase shifl then is the sum of all individual zero and pole phase 
shifts. . 
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FIGX;B£9-16 Hum booit VI. KCutor for type 2 and type 3 feedback 
amplifiers. 

For type 2 amplifiers the boost at &equeiicy / is given by the equation 
Boost - tan-' (K) - tan"' (K) tan ^^j (9^) 

and from this equation it can be shown that, 

K-tan[(^)^45] (9^) 
For type 3 amplifiers the boost at frequency/ is given by the equation 
Boost = tan-' K - tan"' (9-41) 

and subsequently, 

The above equations yield the phase boost vs. K-factor curves depicted 
graphically in Fig. 9-16. Ihese curves are universal and may be used to 
readily determine the K factor for a given phase boost. 

9-6-3 Synthesis of Feedback Amplifiers Utilizing ttie K Factor 

Using the K factor to synthesize an amplilier, the following steps are rec- 
ommended. 
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Step 1: Make a Bode plot of the modulator. A typical modulator Bode plot 
showing both gain and phase characteristics is depicted in Fig. 
9-12. 

Step 2; Choose a crossover frequency. The crossover frequency is the point 
where you want the overall loop gain to be unity. Remember that 
the higher the crossover frequency, the better the transient re- 
sponse ^ the power sul>ply. However, practical limitations restrict 
the range of the crossover frequency. The theoretical limit is half 
the switching frequency, but practical considerations have proven 
that a crossover frequency figure of less than one-fifih of the clock 
frequency is a good choice. 

Step 3: Choose the desired phase margin, this margin is the amount of 
phase desired at unity gain, as shown in Fig. 9-4 and 9-14. Phase 
margin may have a range of 30 to 9(f , with 6(f being a good 

compromise. 

Step 4: Determine required amplifier gain. This gain G is the required 
amplifier gain at crossover and must equal the modulator loss. 
When expressed in decibels, the amplifier gain is simply the neg- 
^e of the modulator gain; otherwise, amplifier gain 1/mod- 
ulator gain. 

Step S: Calculate the required phase boost. The amount of phase boost 
required from the zero-pole pair in the amplifier is given by the 
fbrmula " 

Boost « M - P - . (9-43) 

where Af = desired phase margin, degrees 
P = modulator phase shift, degrees 

Step 6: Choose the amplifier type. Choose amplifier type 1 when no boost 
is required, amplifier type 2 when the required boost is less than 
90", and amplifier type 3 when the required phase boost is less 
than 180*. 

Step 7: Calculate the K factor. The K factor may be calculated using either 
Eq. 9-40 or 9-42 or directly from the curves of Fig. 9-16. For 
amplifier type 1, K = 1. Location of the transfer function poles 
and zeros will determine the circuit values. The pole at the origin 
causes the initial - 1 gain slope, and the frequency where this line 
crosses or would have crossed the 0-dB line (unity gain), is the. 
unity gain frequency, UGF. 

The following equations provide the component values of each 
amplifier type. 
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TVpel C (9^) 



(Figs. 9-9, 9-15a): 



2r/CA 



Type 2 UGF = . (9-45) 
(Figs. 9-10, 9-15fc): Vf^^ 

C, = C,(K« - 1) (9-47) 

Type 3 "^^° 2»Bfr -i-r^ <^49) 
(Figs. 9-11. 9-15c): - ' 

C2 = {9«» 



dfC^K-l) (9-51) 



^^ = W^ ^'-^^ 

EXAMPLE 9-3 

Consider the power supply requirements given in Example 9-2. Design the 

■«Tor amphfier compensation network to achieve overall loop stability, with 
a phase margin of 60° at the unity crossover frequency. 

sournoN 

From the modulator Bode plot depicted in Fig. 9-12, at acrossover frequency 
of 4 kHz (one-tenth of the modulator frequency and one-fifth of the clock 
frequency), the amplifier gain must be 4 or - 12 dB. By inspection of the 
same plot, the phase curve and the crossover frequency line show a mod- 
ulator phase sh^ of 155°. 

. Using £q. 9-43, we calculate the required phase boost: 
' Boost - 60 - (-15S - 90 - 125" 
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Using Eq. 9-42, or reading directly from the curves In Fig. 9-16, toachleve 
12S* of phase boost, we need K = 16. Now the component values (tf the 
feedback network of the amplifier shown in Fig. 9-18 may be calculated 
using Eqs. 9-50 through 9-54. 

To facilitate the calculations, resistor A] is arbitrarily chosen to be 10 kll. 
Hence, 

^» " i^ai ' 6.28(4 X 10^ X 10 X lO' ' ^'^^ '^^ 
Ci - Ci(K - 1) = 0.001(16 - 1) = 0.015 /£F 

Rz = :r-7::r = 5.28(4 x 10')(0.001)10-* " 
= 670ft 




16-1 



C. = -7=— = = 0.015 //F 

' 2b/VKR, 6.28(4 X 10»)Vl6(670) 

Since the crossover frequency / is known to be 4 kHz, by inspection of 
the curve shown in Fig. 9-15£i we note that a double zero fi kicated at a 
frequency // VK below the crossover frequency, while a double pol^ is 
k)cated at a frequency of fVR above. , 

Hie double-zero location is 

- -4= = = 1 kHz - 

Vk VI6 
Hie double^k^ kxadon is 

= fVR = 4VI6 = 16 kHz 

For a more accurate location of zeros and poles, Eqs. 9^5 through 9-38 
could have been used, but for all practical purposes the above results are 
acceptable. The amphfier Bode plot is shown in Fig. 9-17. 

Unity gain crossover occurs at 1 kHz (verify, using Eq. 9-49). Note that 
the results of this example are the same as-the-enes-pFeviimisly eakulated 
in Example 9-2. 

The only difference is the values of C2 and R^, which resulted in making 
the poles previously located at 10 and 30 kHz coincide as a double pole 
located at 16 kHz. This is a direct result of the K-£actor assumptions,, of .a 
type 3 amplifier, the zeros and poles are coincident. Ofeeuise the feedbadc 
component values may be adjusted using Eqs. 9-35 through 9-38, so that 
zeros or poles or both are spread apart. The net effect of this is to broaden 
and flatten the phase bump, thus tedudng the phase margin at crossover. 




deslgo to meet optimum P^*™,^''^^;^ .^^ . ^^e design of the feedback 
have succe^Wly com^^^^^^ , hase plot 

amplifier to produce the desired J , ^ the 0-dB line (unity 
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.a. .nr-v Such a load change forces the feedback ampUBer 
Une input frequency^ j Wr.«;nStioLttheendoftbe^^ 
from an open-loop to a ^^f^f^^^P ~ for a ±25 percent 

9-19a cuses the outpj 

load change, ine s^"*"^* „ "tumo" at the square wave rise and fall 

Cj" 0.001 mF 

, \^ 
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Phase, degtMS 
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@4kH2 



-40 



-60t 



-80 » 
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FICVBE 9-19 TransieDt respome bwcs of switching power ii^pUei 
with dllicrent feedback anplifier conpeiuation vahiei caused bjr « ±23 
percent output load change. 



of the output capacitors, while the recovery time tn is a iiinction of the output 
filter and die loop response. 

For most applications, what is important is not how long it takes for the 
output to recover, but how large the magnitude of the recovery transient 
is. For example, anything more than ±250 mV on a 5-V dc output may be 
potentially hazardous to TTL. Figure 9-19i» shows the best and more desir- 
able recovery response, with the overall loop gain crossing the unity gain 
line at -20 dB per decade and phase margin greater than 90°. Figure 9- 
19c is also an acceptable recovery response, since the ringing is damped out 
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in a cycle or two. The overall loop gain, in this case, crosses the unity gain 
line at a slope very close to - 20 dB per decade, with a phase margin between 
90 and 45^ Figure 9-l9d, however, shows marginal stability and tendency 
of the power supply toward osdUatton with very poor phase maigia. 

Practical loop stability measurement may be accomplished eidter by man- 
ual or computerized methods. Manual methods involve the use of specialized 
instruments, such as network analyzers, signal generators, etc. More reliable 
and faster results may be obtained by computerized setups. Venable In- 
dustries, Inc., Torrance, Caliibmia, has introduced a new generation of 
design tools for frequency response analysis, synthesis, modehng, and testing 
of power supplies. An engineer can now arrive at an optimized error amplifier 
or compensator design and documentation in minutes using a personal com- 
puter and support hardware. These design tools folbw the ideas presented 
in this chapter and are the result of the exceptional work and contributions 
which H. Dean Venable, the founder of the company, has made toward the 
subject of stability analysis. For more information on the products, the reader 
IS encouraged to contact the company direcdy (see references below). 
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TEN 

ELECTROMAGNETIC AND 
RADIO FREQUENCY 
INTERFERENCES (EMI-iRFn 
CONSIDERATIONS 



lom MiMouenoM 

United States and international standards for EMI-RFI have been estab- 
lished which require the manufacturers of electronic equipment to minimize 
the radiated and conducted interference of their equipment to acceptable 
levels. In the United States the guiding document is the FCC Docket 20780, 
while internationally the West German Verband Deutscher Elektronotech- 
niker (VDE) safety standards have been widely accepted. 

It is very important to understand that both the FCC and VDE standards 
exclude subassemblies fifom compliance to the rules; rather, the final equip- 
ment, where the switching power supply is used, must comply with the 
EMI-RFI specifications. Rightly so, since even if tlie switching power supply 
has an input filter, this filter is matched to the power supply when passive 
loads are powered, and its characteristics and suppression capabilities may 
drastically change when used to power active electronic circuits. 

This chapter attempts to introduce the reader to the conducted RFI 
problem and gives some suggestions for minimizing it, whether it is applied 
in a power siqiply or a final system. 

10-1 THE FCC AND VDE CONDUCTED NOISE SPECIFICATIONS 

Both the FCC and VDE are concerned with RFI suppression generated by 
equipment connected to the ac mains empbying hl^-frequency digital cir- 
cuitry. The VDE has subdivided its RFI regulations into two cate'gories, the 
first being unintentional high-frequency generation by equipment vidth rated 
frequencies fiomO to 10 kHz, i.e., VDE-0875and VDE-0879, and the second 
dealing with intentional high-frequency generation by equipment using fre- 
quencies above 10 kHz. i.e., VDE-0871 and VDE-0872. 
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The FCC on the other hand includes in its RFI regulations all electronic 
devloes and systems uriildi genente and use timing slgnak or poises at a 
rate greater than 10 kHz. Figure 10-1 summarizes d^e FCC and VDE RFI 
requirements. 

The FCC EMI-RFI regulations dos^Mow those of the VDE. The FCC 
class A specification covers business, commercial, and Indfistrial environ- 
ments, and compliance to tfie specified EMI emissions in dedbelvivohs can 

be met by any equipment meeting VDE-0875/N or VDE-0871/A,C. 

On the other hand, FCC class B requirements cover residential environ- 
ments and are more stringent thm tJwse of class A. Both FCC conducted 
EMI-RFI specifications, however, cover the fi^quency range from 450 kHz 
to 30 MHz. Hie VDE regulations extend below the 450-kHz range; in &ct 
the VDE frequency range for EMI-RFI conducted emissions covers a spec- 
trum from 10 kHz to 30 MHz. Figure 10-2 shows the FCC and VDE curves 
for conducted RFI emissions. 



10-2 m SOURCIS IN SWITCHING POWR tUPHJES 

Every switching power supply is a source of RFI generation because of the 
very fiat rise and M times rf tlie cunent and voltage waveforms inherent 




Fraqueney, MHz 

FIGURE 10-2 FCC and VDE regulation curves showing nadmnm pennistible SFI 
emissions in decibds-microvolt on conducted noise. 
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to the converter operation. The main sources of switching noise are the 
switching transistor(s), the mains rectifier, the output diodes, the protective 
diode for the transistor, and of course the control unit itself. Depending 
upon the topology of the converter used, the RFI noise level at the mains 
input may vary from bad to worse. - 

Flyback converters, which by design have .a triangular input current 
waveform, generate less conducted RFI noise than converters with rectan- 
gular input current waveforms, such as feed-forward or bridge converters. 
Fourier analysis shows that the amplitudes of the high-frequency harmonics 
of a triangular current waveform drop at a rate of 40 decibels per decade, 
compared to a 20 decibel per decade drop for a comparable rectangular 
current wavefonn. 



10-3 AC INPUT LINE FILTERS FOB RFI SUPPRESSION 

The most common method of noise suppression at switching power supply 
ac mains is the utilization of an LC filter for diferential- and common-mode 
RFI suppression. Normally a coupled inductor is inserted in series with each 
ac line, «*ile c^tors are placed between lines (called X capacitors) and 
between each line and the ground conductor (called Y capacitors). 

The capacitance and inductance of the components may be withm the 
following values: 

Cx: 0.1 to2/uF 

Cr:2200pF to 0.033 ^F 

L: 1.8 mH at 25 A to 47 mH at 0.3 A 

Figure 10-3 depicts a standard switching power supply input line filter. 

During filter component selection it is important to make sure that the 
resonant frequency of the input filter is lower than the working frequency 




FIGURE 10-3 A switching power siqiply £"P"» " 
mains RFI noise suppression. 



Una 
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of the power supply. On the other hand, filtering conducted noise becomes 
much easier as the working frequency of the power supply is increased. 

The resistor R across the ac lines of the filter is a discharge resistor for 
the X capacitors, and it is recommended by the safety specifications of the 
VDE-0806 and IEC-380. In fact IEC-380 Sec. 8.8, states that if the RFI X 
capacitor is above 0.1 ^F, a discharge resistor of the following value is 
required in the circuit: 

R = (lp-1) 
2.?,1C 

where t = 1 s, and C is the sum of the X capacitors (in micrc^ads). 



EXAMPLE 10-1 

Calculate the discharge resistor R for the filter of Fig. 10-3, given that 
C3(X) = C4{X) - 0.1 ^F. 

SOLUTION y 
Using Eq. 10-1 

""die" (2.21X0.2)"^'^**** 



Further reduction of the symmetrical and asymmetrical interference volt- 
age may be accomplished by the insertion erf an extra line choke, L2,'as 
shown in Fig. 10-4. Insertion of choke Lj leads to a limitation of the charging 
current of capacitor C4(X). 

Although the described circuits wall suppress the generated RFI to ac- 
ceptable levels. It Is important to understan<J that if the power supply pack- 
aging or layout changes, a certain filter may or may not work properly. To 
elaborate on this claim, if a power transistor or power rectifier which uses 




270 HIGH^REQUENCV SWnCHING POWER SUmiES 



high-frequency waveibrms is directly mounted on the chassis of the power 
supply, with only a mica insulator between the two, and if the chassis is 
connected to the ac ground conductor, generated RF noise will be coupled 
into the ground conductor, thus upsetting the effectiveness of the particular 
mains filter. It has been shown that a TO-3 switching transistor working at 
20 kHz with a 20O-V input, mounted on a ground heat sink through a mica 
insulator, will generate an RF current of 1 mA at 1 MHz. A so'ution is to 
sandwich a metal shield between the insulators and to return the shield to 
the dc ground. This technique effectively "shorts out" &e capacitor created 
by the mica insulator, reducing RF noise currents. 

Power supply and system layout are very important In reducing or elim- 
inating RFI-EMI problems. The designer should take care in analyzing all 
potential problems before the proper line filter is chosen. 



For complete information on EMI-RFI regulations, ibe following original 
documents are recommended. 

1. VDE-087S/6.77 "Specification for the Radio Interference Suppiession of 

Equipnient, Machines, and Systems with OperatJonal Fre- 
quencies from 0 to XO kHz." 

S. VDE-0S71/6.7S "Regulations ibr the Radio Frequency Interference Suppres- 

sion of High Frequency Apparatus and Installations." 

3. FCC Dodcet 20780 "First Rqiort and Order for Technical Standards Sot Com- 

pnting Eqiripnent," put 15, tahgut J. 

4. Dodtet 80.284, FCC 81-80 "FCC Mediods <^ Measurement of Bwlio Noise Emlsiftms 

iirom Computing Oevices." 
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POWER SUPPLY 
ELECTRICAL SAFETY 
STANDARDS 



n-o MTROouenoN 

National and international safety regulatory agencies have established elec- 
trical safety standards, formulated and directed toward the manufacturing 
of equipment and/or electrical components, to provide the end user widi a 
safe, quality product. These standards aim to prevent injury or damage due 
to electrical shock, fire, mechanical, and heat hazards, etc. 

In general, each country may impose local standards for electrical safety, 
but most power supply manu&cturers use the lEC (International Electro- 
technical Commission), VDE, UL (Underwriters' Laboratories) and CSA 
(Canadian Standards Association) standards as a de facto solution to the 
majority of the workl's safety requirements. The West German safety stan- 
dard for business machines, VDE-0806, is based on the lEC's recommen- 
dation IEC-380, and it is by far the most stringent electrical safety standard 
for power supplies. For the United States and Canada, power supplies are 
generally designed to meet safety standards for data processing equipment, 
i.e.. UL-478 and CSA C22.2 no. 154-1975, and office equipment safety 
standards, t.e., UL-144 and CSA-C22.2 no. 143-1975. 

In this book VDE, UL, and CSA safety standards refer to f!ie above 
requirements, unless otherwise specified. 

pQwn suwLY coNsrauenoN HounMMis ran trnn 
11-1-1 Spacing Requlrem«nls 

The UL, CSA, and VDE safety specifications impose specific spacing re- 
quirements for between live parts and between live and dead metal parts. 
The UL and CSA require that high-voltage conducton (rf opposite polarity 
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UP to 250 V ac. or high-voltage conductors and dead metal par s 
Sid wSng terminals, must have a separation distance of 0. 10 in., either 
^er ^Se or through air. The VDE requires a S-mm creepage or a 2^0- 
mm clearance distance between ac lines, and a 4-mm creepage or a S-mm 
dSiiwdistance between ac lines and the grounding conductor. The lEC 
SsTe^ Rougher specifications, wquinnij a 3-mm clearance distance be- 
te^n Z Ls and a 4-mm cleaiance distance between ac lines and the 
^ndTnXnductor. In addition the VDE and lEC require a ull 8-mm 
SngS^ the input and output sections of the power -PP V; 
that what flie UL calls separation over surface, the VDE calls .creepag^ 
whl ?e Ul! definition rf^aration through air corresponds to the VDE 

'''^U*:: tt^Sws the distinction between the measurement of clearan^ 
and creSale distances. In Fig. U-la the path under consideration includes 
Tv 3'g.^e^^^ an Inlemal angle of less than 80^ and with a wid^h 
LeaS than 1mm as well as a parallel or converging-sided groove of any 
a JdS less than 1 mm. The rule in this case States 
U "line-of-sight" distance, and it is measured over the grooves. The 
distance is Measured on the surface of the grooves, as shown, but short- 
Sts tie bo "m of the V-shaped groove by 1 mm. Tlje contnbrn to 
the creepage of any groove less than 1 mm wide is limited to its width; Aat 
L ol tS cleZle distance applies. Figure IMb shows a path whtah 
Scfis a rib In this case, clearance is the shortest direct air path over the 
Sp of the rib, while the creepage path follows t^e «)ntour of tiie nb 

Rgure 11-2 shows different examples of printed circuit board desigft to 
<«.lSS^learanoe and creepage distances between primary and secondary 
o^ ^wer supply. M shown In Fig. ll-2«. if the primary circutt 
S oppoSe to the secondary circuit track, the thickness of the Pnnted 
d^ui S must be 2 mm minimum. When the printed c»rcu.^^board is 
Sr Aan 1 mm but less than 2 mm, then the primary <^^\^^^^^ 
St tracks must be separated by at least 3 mm as shown in Fig. l l-2b. 
Se primary and secondai7 circuit tracks face each other, as shown in Fig. 
11.2c, then the fall 8-mm clearance distance applies. 

11-1-2 DtolMtrie Test WNhfland 

. . 9V\ V ar or less both UL and CSA specificatipns . 

V ac for 1 min, or 1200 V ac for 1 s. Has afi potential must be a sine wave 
^e VoE^iquires the foUowing dielectric tests: 3750 V ac between each 

InpS JSIS s«««d^ extra ^Zr'''^^ flor^^^^^^^^ 

V ac between ac lines and the grounding conductor; 500 V ac between tne 




Primsry crrcuit 




Secondary circuit 
(a» 




•3mni- 
lb) 



Prlflwry circuit 




Secondiry circuits 


1 PCboard 




□ 



FIGVRE 114 Proper printed drcuit boini design to meet VDE deap 
•nee tad creepige distance reqiiirencnti between primacy md sccondaiy 
drcuiti of ■ power sitppiy. (a) Widi prfmery ditiiit tnck opposite see- 
ondary circuit trade; (b) >irid) prailed dituit board gretfer than 1 mm bai 
less than 8 nmi (e) with priniary and lecondaiy drcidts facing eaeb odter. 
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grounding conductor and secondary SELV output circuits; and 1250 V ac 
between ac input lines. All tests are 1 min in duration. The test may be 
reduced to 1 s if all test voltages are increased by 10 percent 

11-1-3 Leakage Currant MMsumnenIs 

The UL and CSA require that all exposed dead metal parts must be earth- 
grounded and that the leakage current measured through a loOO-£l resistor 
connected to eardi ground must not exceed 5 mA. 

The VDE allows the following leakage values, measured at 1.06 times 
rated voltage through a 1500-ft resistor to parallel with a 150-nF capacitor: 
for portable office equipment (<25 kg), 0.5 mA; for nonportable office equqi- 
ment, 3.5 mA; and for data processing equipment, 3.3 mA, maximum. 

It is interesting to note that Japan allows a maximum leakage current of 
1 mA, measured through a 1000-fl resistor, for line frequencies up to 1 kHz. 
For higher leakage currents an isolation transformer at the installation is 
required. For line frequencies above 1 kHz dw maxfanum leakage current 
is bgarithmkally increasiiiqg& lvalue of 20 mA at 30 kHz. 

11-1-4 Insulation Resistance 

VDE requires 7.0 MQ minimum resistance between input and SELV output 

circuits, and 2.0 MCl between input and accessible metal parts, jwlth an 
applied voltage of 300 V dc for 1 min. 

11-1-5 PC BeoNi Reqidramenle 

The UL and CSA flammabilit>' standards apply, i.e., all pc boards must be 
UL-recognized 94V-2 or better material. The VDE accepts these standards. 

11.2 POWER SUmy transformer OONnRUOnON KR SAIttY 

Since the VDE standards for the design, manufacture, and utilization of 
tnnsfonners impose the most stringent specifications satisfying the majority 
<S safety requirements of other countries, they wiU be presented, here in. 
depth. Because the VDE has no flammabilit>' requirements for transformer 
construction, the UL standards may be used, which require that all material 
used in be construction of transfbnneis must have a Wf-i or better rating. 

11-2-1 Transformer Insulation 

The windings of a transformer must be separated physically by insulation in 
'accordance with die requirements shown in Fig. 11-3 and TMe 11-L 
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FIGURE 11-3 DbUacesikiwihtnuisformeriasiilalioBassiiec^ 
bytheVDE. 



Enamel, lacquer, orvamish coatings on winding wire or other metallic parts, 
asbestos, and moisture-absorbing material are not considered to be toiuTatton 
within the meaning of this requirement 

11-2-2 Transformer Dieleciric Strength 

When mulUple layers of plies of insulation are employed, any t^vo layers 
must be capable of withstanding the dieleetric strength value shovvn in Fig. 
11-4, where the layers are in contact and where the test potential is applied 
to the outer surfeces. The applied ac potential must be a sine «vave of SO or 
60 Hz, and the test duration must be 1 min. No insulation rupture or 
flashover may occur during the dielectric strength test. 



11-2-3 Transfenmr Insuidflon RMittanM 

The insulatlOD employed in the coDStruction of a transformer must possess 
a minimum resistance of 10 Mfl between windings, and between windings 
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Working voltage 

Srf.M V <50* S0&U£250 V > XSO 

1 ipiy-^ — , - 

2 1 ply 2 plies or 0.5 2 plies or 0,8 

3 3 plies or 0^5 or ^, ^ 3 plies or 0.5 or 3 plies or 0.8 
2 piies/screen/2 piles 2 pUes/screen/2 plies 

4 — 3 plies or 2.0 or — 

2 plies/screen/2 plies 

niie s>mbol V signifies the uwkiiin voU»«e ha*w«n Uit todicited 

nheminlfptnthidraessforplleittaiiani. | 

and core and frame and screen, with an applied voltage of 500 V dc for, 1 
min. I 

11-2-4 Transtomer Crespog* and ClMidnea DWanees 

The spacings between windings; between windings and terminals, screen, 
core, frame, winding crossover leads; between terminals; and between ter- 
minals—core and frame— must be in accordance with the values shown in 
Fig. 11-5 and Table 11-2. Creepage and clearance values are based on the 
assumption that the winding wire is coated with vanish and the like. 

11-2-5 Itan^rmer MoMure R«slstane« i 

The transformer must be capable of complying with insulation resistance 
requirements and dielectric strength requirements immediately after the 
transformer has been subjected to adverse humidity conditions, where the 
relative humiditv is 92 ± 2 percent and the stabilized temperature value 
between 20 and oO°C with a stabilization factor of ±rC. The duration of 
conditioning is 48 h, minimum. The transformer may be temperature-sta- 
bilized not more than 4°C greater dian the humidity conditioning temper- 
ature value prior to conditioning. 

11-2-6 VDE Trcmtformer Temperature Rating 

The ma.\iraum stabiUzed temperature under normal operation for a specific 
insulation class must not exceed die temperature value of the insulatioa 
classes as shown in the table below. Consideration must be ^ven to the 
utilization ambient temperature within the product or power supply during 
temperature evaluation. 
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Table 1t-2, flnt value appllei; MGondvehic in pMiv 
thcM dees not ippiy. 

t.6 ««liere U < 130; 2.0 whate ll> 13a 

Table 11 -2, second value in parentheses appliei 

6.0: 1 .6 for transformers rated SO Ht only. 

1.6 where U < 130; 2.0 minimuni or TeMe 11-2 
where U > 250, first value. 



Note: Where products are rated for 60 Hx only, reiation- 
ship 0 becoiimtlwiimeMriiailoMh(p0ia 
sImwmi. 



FIGURE 11-S Truifbrnier creepa^ and cleuince dfahmcw. 
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TABLE 11-t CREEMGE AND CLEABANCE SEQVIBEMENTS IN SECONDABY 

cncviTS <vali;es in mhumetebs) 



50 Hz all VA >200 VA 

V = Working coJtoge 50/60, 50-60 Hi < 200 VA 30160 or 50-60 Hz, 60 Hi 



Upper RMS 


Vpperveak 


Mlfmntm 








nnlt limit 

vWM ftHnV^ 






CT tpOffS 




creepagt 


12 


17 


0.19 (0.38) 


0.40 (0.80) 


0.19 (0.38) 


0.40(0.80) 


30 


43 


0.23 (0.56) 


0.55 (1.10) 


0.28 (0.56) 


0..50(1.10> 


60 


85 


0.38 (0.76) 


0.72 (1.44) 


0.38 (0.76) 


0.72(1.44) 


100 


141 


0.62(1.24)' 


1.12 (2.24) 


0.62 (1.24) 


i:i2 (2.211 


12S 


177 


0.62 (1.24) 


1.12 (2.24) 


1.60 (1.60) 


1.60 (2.24) 


ISO 


184 


0.62 (1.24) 


1.12 (2.24) 


2.40 (2.40) 


2.40 (2.40) 


250 


354 


1.13(2.30) 


1.95 (3.90) 


2.40 (2.40) 


2.40 (3.90) 


380 


540 


1.75 (3.50) 


2.80 (5.60) 


9.50 (9.50) 


12.7 (12.7) 


500 


710 


2.40(4.80) 


3.70 (7.40) 


9.50 (S 50) 


12.7 (12.7) 


600 


850 . 


3.60 (7.20) 


5.60 (11,2) 


9.50 (f-.50) 


12.7 (12.7) 


. .. 750 


it|§Q;„..^60 (7.20) 


5.60 (11.2) 


19.0 9.0) 


19.0(19.0) 


1000 


wrogis. 
im^- 


490 (9.80) 


7.50 (15.0) 


19.0 .19.0) 


19.0 (ao) 


1250 


6.20(12.4) 


9.50 (19.0) 


19.0 (19.0) 


19.0 (19.0) 


1500 




-i7.50 (15.0) 


11.6(23.2) 


19.0 ,19.0) 


19.0 (23.2) 


2000 
2300 


2820 ^fc 


'10.2 (20.4) 
13.0 (26.0) 


15.5 (31,0) 
20.0 (40.0) 


19.0 (20.4) 
19.0 (26.0) 


19.0 (31.0) 
20.0 (40.0) 


3000 




16.0 (32.0) 


24.0 (48.0) 


lb 0 (32.0) 


24.0(48.0) 



Note: If products are rated^l£cmlywidt*MCOiidai^ 141 VPK/dcor If output Is 

<200 VA. there anjj&^SdGc^MiW i«qunnaib md caavliuoe is dmnaiicd bgr the dIdccMc 
strength test. '^'SEKSKr 



Inudathndm 


Maximum 'C 


A (105) 


100 


E (For 50-Hz tuage only) 


115 


B (130) 


120 


F (155, for eO-Hz usage onlv) 


140 


H (180. for 60-Hz usage only) 


165 



Temperature measurements are secured by the change of resistance 
method, where the transformer input voltage Is supplied at 1.06 times the 
nomioal rating and with die frequency at 50 Hz for transformers rated at 50 
Hz, 50 to 60 Hz, or 50/60 Hz and at 60 Hz for transformers so rated. 

Thermocouples may be employed for measurement purposes as a means 
of acceptance, when the temperature values shown in table are reduced 
l^lS^'When noncompliance is detennined by tbe didhnooouple method. 
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the change of resistance method may still be employed as a final determi* 
nation of compliance. 

11-2-7 UL and CSA Transformer Temperature Rating 

The VL and CSA rate transfermer temperature as a rise above ambient 

(25°C). Two methods are employed in temperature measurement, namely 
the thermocouple or the resistance method. The foUoNving table shows ac- 
ceptable temperature rises. 



Intulation ctm 






ThenuxoupU nulhod 




105 


65 


73 


130 


85 


95 


155 


110 


120 


180 


125 


135 



REFERENCES 

For in-depth and complete intbrmation on electrical safety standards, the 
reader Isrefeired to the following original documents. 

EleiMiaolc data pnoes^nnlU and lyttnni. 

Office appliances and business equipment— dectitc 
Data processing equipmenL 
Ofioe machines. 

Office madilaei (si^ of dectrtealb' eneigixed office ma- 
chines). 

Data processing equipment 
Paitiadar lesulaiiDn* tat bwinHS machiiics. 
Safety of decMoUy energized ofice equipment 
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2. UL-U4: 
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4;tSA-C22.2!<ii.I43-l8i3: 

«. IEC.43S: 

7. M}&a730/Fart2P: 

8. VDE41806/8.S1: 
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ACI>rownoat,229 

ACIiBefilt«S,269 

AC Bne loB detecton, 228^0 

Airgq?, 19,44,55,56, 118 

length of magnetic path of, ^ UV 126 
Amariean win gnga (A,W6^ lis, 120, 

121 
Amplifiers: 

compen^ted, 244, 247, 249 

error, 187, 191, 193, 208, 204, 208, 
239, 241, 243 

high-gain, 173 

magnetic (see Magnetic amplifiers) 

type 1, 247, 254, 256, 267 

type 2, 248, 254, 256, 257 

type 3, 249, 254, 256, 257 

{See also Operational amplifSers) 
Antisaturation circuits, 6&-71, 82 
Asymmetrical interference voltage, 269 

Baker clamps, 68-71, 82 
Base drive circuits, 71, 84 

proportional, 75-82 
Bipolar synchronous recdflcr (BISXN). 147 
Bipolar transistor, 66 

base drive techniques for, 71 

jiuction avalanching of, 86 

protective networks of, 86 

secondary breakdown of, 83 

switch time deflnitioiia si, 67 
Bode plots, 236 
Break frequency, 236, 237 
Buck-boost (flyback) converter, 13, 14 
Buck (forward) converter, 13, 15, 19 
Buck-derived (push-pull) oonverter, 13, 
16,25 

Canadian Standudi AMOdmion (CSA), 
271 



Capadtois: 
coupUng, 31 
ESR, 8, 179 
iiqrat filter, 8 
mttpnt filter, 178 
Ji;268 
y,268 

Chaiaeteiutie aquatkni, 239 
OnaitCa): 
antisaturation, 68-71, 82 
baae drive, 71, 75-82, 34 , 
control: 
current-mode, 200 
pulsft^th-modulated, 186, 187 
current Umit, 217, 219, 222 • 

hiccup mode in, 223 
overvoltage protection, 223 

Zener sense, 223 
secondary extra low voltage, 272 
self-bias, 211 
series resonant, 33 
soft start, 211, 217 
Clearance distance, 272-274, 277, 280 
Clgaed-loqi Itedbadk control tgntem, 237, 
239 

Closed-loop transfer function, 237 

Coerdve force, 112 
Coil, 109, 110 

Common mode RFI suppression, 268 
Coinmutating diodes, 30, 35 
Complete energy transfer flyback 

converter, 122, 123 
Complex variable, 234 
C^ncrol-to-output_transfer function, 242 
Control-to-output voltage dc gain, 242 
Oinverters: 

blocking oscillator, 41, 44 

buck (forward), 13, 15, 19 

buck-boost (flyback), 13, 14 
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Converters (Csnt.): 
buck-derived (jrash-pull), 13, w, » 

(;uk,34 ■ 

current-mode regulated, 57 
flyback Oiuck-boost), 13, 14 
eojnplete and incomplete energy 
transfer, i?2, 123 
forward (buck); H, 19 
filll-bridge, 36 

half-bridge, 30 „ ok 

push-pull (buck-derived), 13, 16, 

resonant, 51 

ringing choke, 41 

Sheppei^Tqftor, 49 

Ward,59 
Core efbctive uea, 116 
CangeoinctriM,117 
CocemaMrlal. 116, 117 
Com Htursdon, 112, 119 
Comer flrequeMy, 236 
Creepage distsnce. 28. 274, 277, 280 
Crowbar, 223 

CSA (Conaten Stsndardi AssooMianl, 
271 

Curie temperature, 130 
Currentlimit circuits, 217 

for designs utilizing base driven, 21B 

for direct drive designs, 217 

hiccup mode in, 223 

for universal designs, 222 
Current-mode control circuits, 200 
Current-mode regulated converters, 67 
Current transtener, 221, 222 

Dielectric test withstand, 272 
Differential-mode RFI suppression, 268 
Diode reverse blocking voltage, 134 
for flyback converter, 134 
for forward converter, 134 
for [Ull-bridge converter, 134, 135 
tor half-bridge converter, 134, 135 
tbrposiiiiaU converter; 134, 135 

Diodes: 
dbiupt recovery, 136, 137 
antisaturation, 70, 82 
damplnE, 19, 24, 41, 52 
commutating, 30, 35 
fast recovery, 135-138 
flywheel, 13, 20 
nree-wheeting, 13 
output. 135, 138. 141 
reverse recovery time of, 138, 138 
Schottky, 138 



Diodea(Cbnt.): 
soft leeoveiy, 136 
transisntdiigiBKln, 138, 139 
vRy Act rsGomy, 135-138 
wi«|>«nmiid,70 

Ethctive magBBtfe path length. 82, 112 
ESldency, 1-3 
of linear power atqipV) 2 
of switching power VOVATi 8 
Electromagnetism, prindpta of, 109 
EMI (electromaguatk intoifeienaJ, 265 
Equivalent series rasiitance (BSR), 178 
Error amplifier compensation, 243, 254 
ESR (equivalent series reaistance), 179 

Faraday shield, 122 
Fast recovery diodes, 135-138 
FCC specifications, 265, 267 
Feedback theory, 237 
Ferrite core, 116, 117 
Ferromagnetic material, 109 
Filters: 

ae input Hne for BPIsuppteaaion, 

268 
Input, 8 

output, 133. 152, 178 
Flux. 109 

Fh»density,28,110 
nux linkages, 109 
PIux walking; 29 

nylMck (bnefetoost) converter. 13, 14 
complete and incomplete energy 
tranafer. 122, 123 
Flybaektranafiinner design, 18 
Flywheel diode, 18, 20 
Forward (buck) converter, 13. 16. 19 
Forward voltage drop, 136, 138 
Frequency decade, 236, 237 
Frequency octave, 236, 237 
FuU-faridge eonvarten, 36 

Gain: 

of bipolar transistor, 66 
of buck-boost converter, 242 

loop, 239, 241, 244 
of modulator, 241 
of MOSFET, 91 
open-loop, 239 

of operational amplifler, 241, 244 
Gain bandwidth product, 177 
Gain margin. 236. 237 
GTO (gate turiHiiD swltdi. 108 



Half-bridge convaittn, 30 

Hiccup mode in currant limit elrcutta, 

223 

Holdover or hold-tgj thoe, 3, 8 
Qystereaia, 111 

lEC safety standards, 5, 272 
Incomplete energy tcanrfv ByhMk 

converter, 122, 123 
Inductance, 163, 155 

Inductor. 

flyback, 18. 122, 123 

magnetic amplifler, 170 

output, 152 

resonant, 54 
Inrush current. 9 
Insulation, 275 
Insulation resistance, 275 
Interleaved windings, 121 
Inverse Laplace transform, 234 

Isolation techniques of svritdxhiK 

regulators, 183 
IsoUtion voltage, 5, 130 

JFET guncBon fleld-effect transistor), 84 
Junction avalandhing of bipolar transis- 
tor. 86 

j: factor, 254 
mathematical expression of, 254 
^ntheds of (eedbacik ampBfierruiinK 

266 

Laplaee operator, 284 
Laplace tnuiittorm, 383, 284 
\jfai™ff> current measutements, 276 
Leakage indnctanoe, 24, 28, 121 

Length Of naBO^PO^ 
of air gap, 82, 118 
of material, 81, 88, 113 
Line regulation, 2 , 
Load regulation, 2 
Loop gain, 239, 241, 244 
Loop suWilar mMwuemmta, 260 

Magnet wire specifications, table, 118 
Magnetic amplifiers, 162 . 
control circuits &r, 170 
cores for, 168 
operation of, 162 
saturable reartor design for, 164 
Magnetic field strength, 110 
Magnetic flux density, HO 



Magnetic force, 110 
Magnetic induction, 110 
Magnetization current, 20, 21 
Magnetostriction, 131 
Metal-oxide varistor (MOV), 11 
Moisttu* resistance, 277 
jlolypermalloy (MPP) core, 157 
MOSFET: 
constant current region, 93 
constant resistance region, 93, 94 
driving from CMOS, 99 
from linear circuits, 100 
from transformers, 100 
bom TTL, 98 
gate drive characteristics of, 91 
on-resistance of, 94 
pinchofrof,94 

saleKiperatlttg area (SOA) of; 95 
static operating chaiacteristics of, 93 
as ayndmnwu rectifier, 145 
tranaconductance of, 94, 96 
MOV (metakfldde varistor). 11 

Negative tamperatnie coefncient (NTQ 

thenniabna, 10 
Noise, 4, 268 
Noise filters, 268. 269 
Noise suppression, 268 , 
Notah period, 152 

Otf-th&-line power supply, 3, 4, 7 
OibTCBistance of MOSFET, 94 - 

Open-loop gain, 239 

Operational amplifiers, feedbaA W anw, 
241, 243 
K factor, 254 
poles of, 244, 254 
transfer funrtion, 244 
zeros of, 244, 254 
Optocoupler (optoisolator), 209 
circuit designs of, 212, 214 
coupling efficiency of, 211 
dc current ratio of, 211 
thermal stability of, 212 
Output diodes (power rectifiers), 135 
fgrward voltage drop oi; 135, 138 
paak current capabOUy tt, 141 
Sdiottky, 138 

transi«it ovBT'vdtaBa protectkm of, 
141 

Output fitter capadliir, 178 
Ou^ pomr induetor. 162 
Output transient raqmae, 179, 261 . 
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Overioad or cunrat hndt luouetinit 217 
OvCTVoltageprDtectiOB(OVP)dmilta, 
223 

Peak inverse voltage (FIV), 8, 134, 139, 

138 

Pebieability, 111, U% 113 
PluaelaftSil 
Phase had. 241 
Phase margin, 239 

PIV (peak imrene voltace), 8, 134, 139, 
138 

Poll break tequency, 236 
PoleK 

of a iiinetion, 236, 237, 244 

attbearieiii,244 
Power Inductor dtsigii, 152 
Power reetiEen: 

fast and veiy tut reeavB7, 135 

SchgtOqr, 138 

STDduoDons, 144 
Printed ctaatt flamahiUly latiii^ 275 
fatpotttonalbaie drtve a, 7S- 82 
Pa]s»widtb-iiiadalatad (PWM) contral 
drcuita; 

oomiiMrdal monolithk, 20, 18T 

discrete compoBCB^ 185 

integrated, 187 
Pusb-pul] (buck-derivedj co n verter , 13, 
16.25 

Radio frequent? interference (RH), 265 
BBSOA (leveraa^itai safe opeiating 

area), 86 
RC snubbers: 

for output rectifiers, 138 

for transistor, 86 
RectiSers: 

fast recuveiy, 135 

input, 7 

Schottky, 138 

syitchronous, 144, 14o, 147, 150 

VEiy fast recovery, 135, 136 
Reflecud filter inductaiice, 33 
Relative penneabilitv, 19, 113 
Residual magnetic flux. 112 
Resonant convert^', 31 
Resonant frequency, 33 
Resonant inductor design, 54 
Reverse base drive, 71 
Reverse-bias safe optminsana 

(RBSOA],86 
RevNse-bias s ecoadaty breakdown, 84 



Revose recovery time of diode, 133, 136 
Reverse voltage rating of output rectifier: 

for bridge converters. 134, 133 

for flyback converters, 134 

for forward convener, 134 

for push-pull convener, 135 
RFI (radio frequeni? inter&reBcej, 265 
Ringing cfaoke converter, 41 
Ripple, 2, 179, 180 

Safe operating area (SOAI, 83, 95 
Schottl^ diodes, 138 
Secondary breakdown: 

fbrward-bias, S3 

reverse-bias, £4 
Seoondaiy enra low voltage (SELV) 

° eirciuts,272 
Self-Uasdttuit,211 
S^sarationi 

tfarou^alr, 272 

over sur&oe^ 272' 
Series oonpling capodtor, 31 
Series tesonant dtcolt, 33 
Sbepard-Ttylor converter, 45 
SnAbets,86, 138 
SOA <safb operating area). 83, 95 
Soft reeoveiy diode, 136 
Soft stare dKuita, 216, 217 
StabiliQraiialyiiK 

Bode pleta, 236 

mm amplifier compensation, 243 
feedback theoiy, 237 
f bctor,254 
Symmeodcal interference voltagt, 269 

Syncbnmous rectiflers; 
bipolar (SISYK), 147 
current-driven, 150 
power MOSFET, 145 

Tertiary winding 73, 74 
Thermal rmaway, 84 
ThermifcoTS, 10 
Time constant, SS 
Transconduaance, 94 
Transfer functions, 234 

dosec-loop, 237 

coDtn:l-to-ou:put, 242 
Transformers: 

basletheonr, 114 

oote nateriaL 116 

introduction, 109 

practical ooniidecationa, 121, 130 

vaniabiiBipngMtiui o( 131 
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Transformer design: 

for i^rback, 114-116, 122 

fbr half bridge, 114-117 
Ti anifonmr tajfety atandanlK 

creepage and clearance, 279 

dielectric strength, 276 

Insulation, 275 

moIatUM resistance, 277 

temperature ratings, 277, 360 
IVansient input voltage protection. 11 
Thmsiest ringing in diodes, 138, 139 
Ttanstators; 

antisaturadon circuits, 68, 82 

base drive circuits, 71, 82 

Upidar,66 
(Set alio Bipolar transistor) 

Darlington, 70 

delay time, 68 

fall time, 68 

gain, 66 

hot spots, 83 

junction field-effect, 84 

linear mode, 66, 67 

MOSFET, 90, 102 

rise time, 68 

saturation mode, 66, 67 

secondary breakdown, 83 

storage time, 68 

thermal ninaw^, 84 
Triac, 10 

UGF (unit? gain factor), 257, 258 
UL saH)^ standards. 371, 281 



UntntenuptaU* pomr nvptjr (UPS), 
22^ 

Uoily ^in emacwer, 239, 241, 244 

Uidty gain factor (UGF), 257, 258 

UPS (unintemiptable power supptjr), 228 

Varnish impregnation of tranaformers, *. 

131 

VDE standards: 

EMI-RFI, 265-270 

safety, 271, 281 
Very fast recovery diodes, 135-138 
Voltage: 

asymmetrical interference, 269 

reverse blocking, diode [see Diode 
reverse blocking voltage) 

symmetrical interference, 269 
Voltage doubler, 7 
Voltaga referoioea, 214, 215 

Ward converter. 59 

^nadlng area of cote or bobUn, 119 

Wiret^le, 118 

Wh», oimnt denrity 0, 117, 118 

Xcapadtora, 268 

rcq^tora, 268 

Zener sense OVP circuit, 223 
Zero break frequency, 237 
Zeros of a fiinetion, 236, 237, 244 
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